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This research focuses on the hierarchical structure of bone and associated 
mechanical properties at different scales to assess damage accumulation leading to 
premature failure, with or without instrumentation. In this work, an attempt was made to 
develop a framework of macro, micro, and nano damage accumulation models and 
implementing them to derive mechanical behavior of the bone. At macrolevel, 
retrospective evaluation of 313 subjects was conducted, and the damage of bone tissue was 
investigated with respect to subject demography including age, gender, race, body mass 
index (BMI), height and weight, and their role in initiating fracture. Experimental data 
utilized 28 human femoral bones implanted with cephalomedullary nails were used to 
develop damage prediction models. Investigation of three real life medical device failures 
identified the mechanical and clinical bases of bone failure. At the micro level, 
microdamage accumulation of the bone was investigated in 307 subjects and new effective 
morphological parameters at microscale were proposed. At the nano level, molecular 
dynamics simulation was performed to investigate the effect of interaction, orientation, and 
hydration on the atomic models of the bone composed of collagen helix and hydroxyapatite 
crystal. The results showed that bone density and maximum von Mises stress decreased 
IV 
 
drastically in elderly patients, implying fixation devices and implants used by the young 
cannot be used. The results also showed that the two-dimensional representation of the 
morphological parameters of the bone at microscale does not provide a realistic description 
of bone structure. Therefore, in this work, three-dimensional representations at microscale 
indicated that bone interconnectivity is higher in female patients than in male patients. 
Gender has a significant effect on microdamage distribution in the bone. More precautions 
should be taken into consideration for older female patients. Race should also be 
considered during modeling implants or suggesting therapeutic techniques. Caucasian 
subjects are more susceptible to bone fatigue failure than other races. The mechanical 
properties of bone are affected significantly by the orientation of the collagen fibril, which 
varies between ethnicities. Any change in the structure of the collagen-hydroxyapatite 
composite leads to variable bone diseases. There is significant difference in the ultimate 
tensile strength and toughness of the bone with respect to the orientation of the hydrated 
and un-hydrated collagen fibrils. Water content also influences the bone tissues’ elastic 
properties. The force in longitudinal direction (0°) provides more strength compared with 
the collagen fibril in the perpendicular direction (90°).  Substituting Glycine with other 
amino acids affects the mechanical properties and strength of the collagen helix, collagen-
hydroxyapatite interface, and eventually affecting hydroxyapatite crystal. Appropriate 
models developed in each category showing experimental and computational relationships 
and their application in selecting implant materials. 
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CHAPTER ONE : INTRODUCTION 
Bone fracture is one of the serious injuries affecting adults in a wide age group. It is 
estimated that 1.7 million fractures occur every year worldwide, and expected to double by 
2040 (Childs et al., 2016) (Pace et al., 2013). The number of hip and knee joint replacement 
surgeries has increased significantly in the last four years and expected to be 3.5 million 
total knee replacements in 2030. With such statistics, there is a need to understand bone 
structure more fully and how the damage develops over time. Modeling bone damage 
growth may be beneficial to the industry designing implants. Understanding the 
hierarchical structure of the bone at different levels provides a clear knowledge about bone 
tissue mechanical properties and the effect of each level on damage accumulation. An 
attempt is made to develop a framework of macro, micro, and nano-damage accumulation 
models and implement these models to derive bone tissue mechanical behavior.  
At macro-level (several millimeters- several centimeters), the cortical and 
cancellous bones will be observed. At the micro-level (10 µm- 500 µm), the trabecular 
structure, Haversian system, and osteons will be examined. Also, the collagen fibrils 
architecture and non-collagenous organic protein matrix will be observed at the nano-level 
(< 1 µm). Daily activities expose bone to cyclic loading within a range of compressive 
forces that initiates the process of damage nucleation starting at nano/micro-level that 
cannot be visualized. It begins at the collagen fibrils (nano-level) interface then progresses 
to the osteon and trabeculae as microcracks (micro-level), and finally to a visible crack 
2 
 
which propagates to complete bone fracture. Unfortunately, the current technology and 
characterization capabilities for bone damage investigation are limited as none of the 
imagining techniques resolve those details. On the other hand, computational modeling for 
bone tissue in different levels offers a deep understanding that might be difficult or 
impossible to derive experimentally. Mathematical and computational models will be 
developed for male and female bone damage nucleation and growth, for different age 
groups. In addition, deterministic, phenomenological, and probabilistic models developed 
to understand the mechanical behavior of bone tissue and probability of failure therein.  
Problem Statement and Research Objective 
To understand bone mechanics and damage accumulation at macro level:  
• Develop mathematical models to predict bone damage accumulation at macro level. 
• Develop three dimensional models using radiology data and perform 
computational simulations to validate the mathematical modeling. 
• Perform retrospective investigation to determine the effect of patient demography 
on the damage accumulation. 
• Conduct experimental investigation to understand the effect of cyclic loading on 
damage development. 
• Conduct case studies on failed fixation devices to understand the mechanical and 
clinical bases of failure, and how bone pathology could have affected the premature 
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failure of the devices at the same time understanding construct damage leading to 
failure. 
 
To understand the role of bone microstructure on microcrack initiation and bone 
microdamage accumulation: 
• Develop three dimensional models of bone at micro level using radiology data that 
provide a realistic representation to the anisotropic bone structure. 
• Investigate the effect of the morphological features on the bone mechanical 
properties. 
• Propose new morphological features that have significant effect on bone structure 
at micro level. 
• Compare the morphological features with bone mechanical properties and stress 
distribution. 
• Compare patient demography with the morphological features, bone density, and 
the stress distribution. 
• Perform computational simulations to investigate the microdamage accumulation 
and microcrack initiation and propagation. 
• Determine the importance of considering race, age, and gender during modeling 
implants or suggesting therapeutic techniques. 
To understand bone mechanical properties at nano level: 
• Determine the atomic structure of the bone at nano level. 
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• The effect of interaction, orientation, and hydration on the collagen- hydroxyapatite 
composite. 
• Develop a three-dimensional model of the bone at nano level to determine collagen 
fibril orientation. 
• Perform molecular dynamics simulations to investigate the change in the 
mechanical properties of the bone collagen fibril. 
• Investigating the bone pathology at nano level by substituting glycine with other 
amino acids and observe the change in the mechanical properties. 
This dissertation is divided into ten chapters. After the introduction, the second chapter 
presents a thorough review of bone structure. This chapter includes a brief background on 
bone structure and composition. Properties of cortical bone will be discussed including 
macroscopic and constitutive behavior. Similarly, properties of cancellous bone 
summarized. Finally, previous works on bone damage investigation at macro, micro, and 
nano levels will be discussed. 
The third chapter investigates a failure prediction model of the bone. Damage will 
be modeled phenomenologically. Three dimensional models prepared from imaging data 
and biomechanical behavior shall evaluated computationally. In addition, 3D finite element 
models of the femoral bone with both cortical and trabecular structures delineated using 
MIMICS and ANSYS® and simulated as a composite structure. The damage accumulation 
of a bone occurring during cyclic loading will be analyzed for a given fatigue life. 
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Chapter four involves retrospective evaluation and framework development of 
bone anisotropic material behavior compared with elastic, elastic-plastic, and hyper-elastic 
properties. This chapter seeks to retrospectively evaluate the damage of bone tissue of 313 
subjects with respect to patient demography including age, gender, race, body mass index 
(BMI), height, and weight, and their role in causing fracture. A comparison will be 
performed between the proposed model and literature using elastic, hyper- elastic, or 
elastic-plastic properties. 
Chapter five analyzes cyclic damage accumulation in the femoral constructs made 
with cephalomedullary nails. This chapter evaluates the risk of periprosthetic fracture of 
constructs made with long and short nails experimentally. The nails were made with 
titanium alloy (Ti-6Al-4V) and stainless steel (SS 316L). This study comprised of twenty-
eight pairs of cadaveric femora divided into 4 groups that were randomized and implanted 
with four types of fixation CM nails. Biomechanical evaluation was carried out in bi-axial 
mode for up to 30,000 cycles. After the predetermined number of cyclic loading the bone 
constructs were loaded to failure. The damage was modeled mathematically with stiffness 
drop as cycling progressed in the construct. Three frameworks invoked utilized Michaelis-
Menten regression model, phenomenological, and probabilistic Monte Carlo simulations. 
Chapter six discusses three case studies to understand the mechanical and clinical 
reasons of bone failure and how bone pathology could have affected the premature failure 
of the devices. The first case is about failure analysis of a PHILOS plate construct used for 
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pantalar arthrodesis. The investigation was conducted on a failed pantalar device including 
the screws utilizing several failure analysis techniques including optical microscope, SEM, 
EDAX, and finite element simulation. Different clinical and biomechanical parameters that 
contributed to the failure of the device were identified. Three-dimensional models of the 
plate and the screws: cortical, locking, and cannulated, were constructed using SolidWorks 
and imported in ANSYS Workbench 16.2 to simulate the loading conditions and regions 
of stress development. Statistical analysis was conducted to understand the impact of 
different factors on the maximum von Mises stresses of the locking compression plate. 
Additionally, the second case examined the biomechanical behavior of variable angle 
locking screws and the conditions that may have led to the failure of the tibiotalocalcaneal 
construct made with Stainless Steel 316L utilizing several visual, microstructure, and 
fractographic analysis techniques including optical microscope, SEM, EDAX, and finite 
element simulation. The analysis was carried out to characterize the fracture surface 
topology, material crystallography, and pitting susceptibility. The computational modeling 
was performed to predict failure mechanisms of the construct and to simulate the modeling 
of variable angle screws and the results were compared with the experimental results. Later 
in this chapter, the third case examined is a fractured cephalomedullary femoral nailing 
system.  
Chapter seven focuses on microdamage accumulation and the effect of patient 
demography and morphological features on the bone. In this chapter, the computed 
tomography scans of the 307 subjects will be investigated and the effect of age, gender, 
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and region were taken into consideration, and new morphological parameters that have 
significant effect on the density of the bone were proposed. The change in the 
morphological features with respect to age, gender, and race are discussed. Investigating 
the bone at the micro-level considered the main morphologic features which are the 
porosity, interconnectivity, pore size, anisotropy, and the cross-sectional area. MATLAB 
and ImageJ programs were used to investigate the features quantitatively. Computational 
simulations were performed to investigate the microdamage accumulation and microcrack 
initiation and propagation. 
Chapter eight involves investigating the hierarchical structure and properties of the 
bone at nano level and the effect of the interaction, orientation, and hydration on the atomic 
models of the bone composed of collagen helix and hydroxyapatite crystal using molecular 
dynamics simulations. The atomic models of collagen helix, and hydroxyapatite crystal 
were modeled utilizing ADF 2019.3 (Amsterdam Density Functional) program. In order to 
model the orientation of the collagen fibril of the bone, a Swiss Light Source (SLS) 
technology that maps the collagen order, provided by the Paul Scherrer Institute (PSI) 
(Liebi et al., 2015), was used. MIMICS and ImageJ programs were used to characterize the 
most frequent orientations of collagen molecules represented by six different angles (0°, 
20°, 30°, 45°, 60°, and 90°) using ADF program. Additionally, disease structure of the 
bone at nano level was investigated in this chapter.  
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Chapter nine analyzes the multilevel representation of the bone. The results of the 
nanoscale modeling of the bone were imported into ANSYS Workbench. The anisotropic 
material properties were defined with respect to the collagen fibril orientation. The 3D 
model of the bone at microlevel was modeled in Mimics and then imported in Ansys 
workbench. The same procedure that was used to investigate the effect on lower levels of 
the bone was used on the macro-level. Three models were developed with three different 
dimensional representation. The first model was developed depending on the anisotropic 
representation of the density at macro level. The second model was developed depending 
on the micro-scale properties. The third model was developed depending on the nano-scale 
properties. 
Chapter ten summarizes the research contributions of this dissertation and provides 
recommendations for future research. The research conducted in this dissertation 
contributes to generation of new knowledge at 1) macro modeling of bone, constructs and 
failure modes a) in vitro and b) in vivo set up, 2) micro modeling of cyclic damage and life 
prediction of bone with or without constructs, and 3) hierarchical modeling of bone and 
properties at nanoscale. This dissertation also describes new constitutive equations derived 
for bones with or without implants, that will be useful in implant design, and helping 





CHAPTER TWO : BACKGROUND 
Understanding the hierarchical structure of bone at different dimensions is necessary to 
computationally derive mechanical properties and assign cyclic life to bone with or without 
implants This chapter describes the necessary concepts related to bone mechanics, and 
previous works on bone damage investigations at macro, micro, and nano-levels were 
discussed. 
2.1 BONE STRUCTURE 
Bone tissue is a complex living tissue that has mechanical, chemical, and biological 
functions. It supports and protects the body structure and serves as a mineral reservoir by 
storing stem cells and controlling the calcium and phosphate. According to Wolff’s law, 
adaptation of bone tissue structure to its function is one its main qualities. In order to 
illustrate, bone shape, size, and structure are different depending on its location in the body. 
Bone is a porous and anisotropic tissue. Its porosity varies from 5% to 95%. At the 
macroscopic level, bone tissue can be divided into cortical and trabecular parts. The cortical 
part (called also compact) is very dense with less than 10% porosity. The porosity is formed 
by Haversian canals and resorption cavities. Haversian canals are long canals with 50 µm 
diameter and connected with each other through other canals called Volkmann’s canals, as 
shown in Figure 2.1. Resorption cavities are another key bone structure, they represent a 




Figure 2.1 (a) Cortical bone, (b) Haversian system, and (c) Osteon (Carter and Hayes, 1977) 
 
The trabecular composition (called also cancellous bone) is a porous tissue with 
more than 50% porosity that is filled with bone marrow. Trabecular bone matrix is 
composed of trabeculae with 100-200µm thickness. These bone matrices have variable 
arrangement and orientation that depend mainly on the loading mechanism on the bone. 
Cortical bone can be found in the outer cortex of long bones surrounding the cancellous 
composition. On the other hand, trabecular bone can be found in the flat bones, the irregular 
bones, and at the ends of long bones. 
At the microscopic level, the compact bone is composed of lamellae that are regular 
cylindrical in shape, as shown in Figure 2.2. On the other hand, the cancellous bone is 
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composed of irregular lamellae. The literature review showed different perspectives 
regarding the similarities and differences between the two types of bone. Some studies 
proposed that both cortical and trabecular bones have the similar chemical and mechanical 
properties (Zysset, 1994, Roy et al., 1999, Rho et al., 1998). Other studies proposed that 
each bone type has its own properties. As cortical and trabecular bones have different 
porosity, chemical composition, and mechanical behavior, we believe that they should be 
considered as two different materials. 
 
 
Figure 2.2 Hierarchical structural of the bone (Sadat-Shojai, 2015) 
 
The cortical bone microstructure has a cylindrical shape called osteons with 200µm 
diameter (also called Haversian system) that is formed from the Haversian canals and the 
lamellae. The lamellae with less than 7µm width are formed by the collagen fibers. 
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Depending on the organization of the collagen fibers, bone can be divided into two types, 
woven or lamellar, respectively. The first type is poorly organized, and it is hard to 
distinguish any pattern within its arrangement. Woven bone is formed after a bone fractures 
during the healing stage. Compared to woven bone, lamellar bone is highly organized and 
has parallel layers of collagen fibers and each lamella has different fibril orientations. This 
type of bone needs more time to form than woven bone. Because of its highly organized 
structure, lamellar bone is stronger than the other type of bone (Martin et al., 2015). Woven 
bone is formed during gestation and replaced by the other type later. 
The complex structure of bone tissue provides it with the ability to withstand the 
internal and external loads (Bettamer, 2013). Bones can be divided into axial and 
appendicular skeleton depending on location. Ribs, vertebrae, and the skull are considered 
axial skeleton. Upper and lower limb bones are considered as appendicular skeleton. 
Moreover, bone can be classified as flat, tubular, and irregular bone depending on shape, 
such as skull, femur, and vertebrae, respectively. Furthermore, bone can be divided into 
short and long bone, such as tarsal bones and tibial bone, respectively. 
From a macroscopic point of view, bone tissue is divided into two types: trabecular 
bone with 50–95% porosity (Rubin and Jasiuk, 2005) and cortical bone with 5–10% 
porosity (Rubin and Jasiuk, 2005), as illustrated in Figure 2.3. Bone tissue can be divided 
into five levels (Cowin, 2001), which are macro, meso, micros, sub micro, and 
nanostructure. The macrostructure level is the whole bone, ranges from several millimeters 
to several centimeters. The microstructure level ranges from ten micrometers to five 
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hundred micrometers and contains of the trabecular structure and Haversian system (Martin 
et al., 2015). The nanostructure includes collagen fibrils architecture and non-collagenous 
organic protein matrix (mostly hydroxyapatite). At nano-level, bone tissue is composed of 
collagen fibrils architecture and non-collagenous organic protein matrix (mostly 
hydroxyapatite). There are several factors that affect the composition and porosity of the 
bone, such as: gender, age, bone anatomical location, loading condition, and pathology. 
The bone mainly is composed of type I collagen, which is a triple helix protein that has the 
ability to be organized into fibers that provide the strength and flexibility to the bone. Type 
I collagen can be found in other tissues such as ligament, tendon, and skin. The non-
collagenous organic protein matrix grows within the collagen fibrils and is mostly 
hydroxyapatite, (with chemical composition Ca10(PO4)6(OH2)) that provides the stiffness 
to the bone. The average hydroxyapatite crystal size is 50×20×2 nm. Additionally, 
osteocalcin, which is another non-collagenous organic protein, has a significant role in new 
bone mineralization. In general, bone tissue has a hierarchical structure that is complex, 
non-homogeneous, and anisotropic. Bone tissue can be observed depending on different 




Figure 2.3 Bone Structures (Jee, 2001) 
 
Bone tissue has the ability to adapt to loading conditions by remodeling. This 
process is essential for bone adaptation to load changes by renewing the bone with load 
increment or reducing it at no load regions. There are two ways of bone remodeling, which 
are internal and external bone remodeling. Internal bone remodeling changes the porosity 
of trabecular bone. While, external bone remodeling changes the compact bone outer 
diameter. Bone remodeling is very beneficial to individuals engaged in sports adapting the 
bone to support load increment. On the other hand, reducing bone density is one of the 
complications of long term nonactive hospital patients. Wolff (Wolff et al., 1892) has 
proposed mathematical rules to describe bone remodeling process. After joint replacement, 
bone remodeling will depend mostly on stress shielding (Patel et al., 2012) (Cheruvu et al, 
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2019), which might increase the density of the bone in some areas and resorb it in other 
areas, as shown in Figure 2.4. It can be noticed that after seven years of total hip 
replacement bone ingrowth occurred around the distal end of the implant with bone 
resorption around the proximal end of the implant. 
 
 
Figure 2.4 Postoperative (left) and 7-Year (right) of total hip replacement bone ingrowth was occurred 





Bone remodeling plays an important role in microdamage healing by repairing the 
damaged old bone with a new bone tissue. This prevents bone damage accumulation and 
fatigue fracture over time. This process is different than fracture healing that occurs after 
bone fracture. Two types of cells are responsible for bone remodeling, the osteoclast and 
osteoblast, known as a Basic Multicellular Unit (BMU) (Nicholls et al., 2012) (See Figure 
2.5). The size of a BMU is approximately 200 µm, where osteoclast demineralizes old bone 
and osteoclast produces new bone, as shown in Figure 2.6. 
 
 
Figure 2.5 The Basic Multicellular Unit (BMU) (Nicholls et al., 2012). Two types of cells are responsible 
for bone remodeling, which are osteoclast and osteoblast, known as basic multicellular unit 
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The BMUs form during a many step sequence, which is activation, resorption, and 
formation sequence (ARF). This sequence starts with osteoclast migration, as they start to 
remove old bone from the bone surface. Then, the osteoblast replaces the removed bone 
with an unmineralized matrix. In general, the total remodeling period is approximately four 
months; about three weeks for bone resorption followed by about three months for bone 
formation. After the ARF sequence, the mineralization phase occurs, where mineral matrix 
is deposited within the unmineralized matrix (Jacobs, 2000). There are two other types of 
bone cells, which are lining cells and osteocytes. The first type is an inactive osteoblast cell 
that can be activated mechanically to initiate the ARF phase. The second type is a former 
osteoblast that functions as a sensor controlling the bony ingrowth process. 
 
 
2.2 MACROSCOPIC MECHANICAL PROPERTIES OF THE BONE 
The mechanical properties of cortical bone at macro-level have been discussed 
widely in literature. Modulus of elasticity for cortical bone ranged from 14 GPa in 
compression to 25 GPa in tension. Poisson’s ratio ranged from 0.08-0.45, tensile strength 
ranged from 51 MPa in transverse tension to 133 MPa in longitudinal tension. However, 
compression strength values ranged from 133 MPa in transverse compression to 193 MPa 
in longitudinal compression. These test results were from in vitro testing can be unrealistic 
since all test parameters do not represent the human conditions but can be beneficial in 
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providing preliminary data. Moreover, these mechanical properties can be affected by 
several factors such as age, deformation rate, and viscoelasticity. 
It has been demonstrated that the mechanical properties of bone depend on the 
structural level that is being investigated. For instance, Reilly and Burnstein ( 1975) 
reported femoral bone modulus to be 17 GPa, Choi et al. (Choi et al., 1990) provided micro 
bending cortical bone modulus to be 5.4 GPa, Ascenzi and Bonucci (Ascenzi and Bonucci, 
1967) measured osteons elastic modulus to be 5.5 GPa, and (Zysset et al., 1999) 
(Hengsberger, 2001) (Zysset et al., 1998) reported the elastic modulus to be in the range of 
22 GPa after performing nanoindentation tests on cortical bone. In addition, the elastic 
modulus is 80 GPa and 1.5 GPa for hydroxyapatite and collagen, respectively (Goldstein 
et al., 1983). Understanding the mechanical behavior of bone is critical at all the structural 
levels. This relation is very beneficial in cases where examining the bone at lower levels is 
not applicable. As it is very complicated and difficult to examine the bone at the micro and 
nano-levels, finite element analysis plays a significant role in providing reliable 
experiments at the macro-level.  
The mechanical properties of bone tissue at the macroscopic level vary at different 
anatomical positions and at different areas of the same bone (Rho, 1995) (Currey, 2004). 
Stiffness, resilience, damage threshold stress (damage accumulation), toughness, and 
fatigue resistance are the main mechanical properties of bone according to (Zioupos and 
Casinos, 1998). A uniaxial cyclic stress-strain curve was used in analyzing and 
characterizing compact composition macroscopic behavior, as discussed in Fan et al., 2001. 
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Figure 2.6 shows the stress-strain curve of cortical composition under cyclic loading 
condition. This illustrates the deformation modes, which are elastic, damage, and plastic 
modes. At the nano-level, bone damage might occur as a result of shear loads that cause 
the sliding of collagen fibrils over each other. 
 
 
Figure 2.6 The stress-strain curve of cortical composition under cyclic loading condition illustrating the 
deformation modes, which are elastic, damage, and plastic modes (Fan et al., 2001) 
 
Regarding the density, bone tissue at the nano-level are composed of mineral and 
organic phases with 43% and 32%, respectively. The other 25% of bone is water. 
Additionally, the density of the bone depends mostly on bone porosity which varies 
considerably depending on bone type, the anatomical position, and pathology. Regarding 
its elastic properties, the ability of bone tissue to recover to its original shape after loading 
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without exceeding the elastic limit is called elasticity. Literature showed a considerable 
amount of experimental techniques used to observe the elastic properties of bone, such as 
the tensile test, the compression test, the torsion test, bending, ultrasonic, nanoindentation, 
and computer tomography (CT). The CT scan represents a viable technique in measuring 
the elastic properties of the bone according to Carter et al (Carter and Hayes, 1977). In their 
study, they proposed a method to measure the anisotropic constant of the bone. 
Additionally, nanoindentation technique can be considered a viable method in measuring 
the anisotropic properties at the micro-level. 
Regarding the fatigue properties, fatigue damage of the bone occurs as a result of 
mechanical properties degradation (Pattin, 1996) (Carter and Hayes, 1976). Carter et al. 
(Carter and Hayes, 1977) performed fatigue laboratory experiment and showed that as any 
other composite material, bone fails after loaded periodically. Fatigue failure can be 
observed by fiber breakage at the nano-level, microcracks at micro-level, and a macrocrack 
at the macro-level. In vivo, bone remodeling is stimulated by fatigue damage. However, if 
remodeling is insufficient, fatigue damage accumulation might lead to fracture as a result 
of repetitive loading activity (such as hard physical labor) (Caler and Carter, 1989), or bone 
pathology (such as osteoporosis). The literature review identified numerous papers that 
discussed in detail fatigue behavior of the cortical bone (Zioupos et al., 1996) (Zioupos and 
Casinos, 1998) (George, and Vashishth, 2003) (Caler and Carter, 1989) (Ritchie et al., 
2004). Ritchie et al (Ritchie et al., 2004) discussed that cancellous bone fatigue behavior 
is similar to compact bone. (Choi and Goldstein. 1992) discussed the possibility of using 
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cortical part properties to predict the behavior of cancellous part. Figure 2.7 shows a linear 
relationship between both compressive strength and modulus of elasticity with bone 
density. On the other hand, because of the trabecular structure of the cancellous bone at the 
micro-level, there is no relationship between yield strain and density, as reported by 
Morgan and Keaveny (Morgan and Keaveny, 2001). 
 
 




Studies showed that the mechanical properties of the cancellous bone depend on its 
density. Equation 2.1 shows the empirical relationship between the modulus of elasticity 
(E) and density (𝜌), as follows: 
𝐸 = 𝐴𝜌𝐵                  (2.1) 
Several studies have proposed empirical fits for Equation 2.1 for different bones. 
The damage mode is different between cortical and cancellous parts, as the damage occurs 
as a result of pore collapse that reduces damage threshold under cyclic loading, as shown 
in Figure 2.8. 
 
 




2.3 MICROSCOPIC MECHANICAL PROPERTIES OF THE BONE 
At the microscale, the trabecular part can be defined as a porous tissue with more than 50% 
porosity that filled with bone marrow (Liu, X., & Ma, P. X., 2004), as shown in Figure 2.9. 
Trabecular bone matrix is composed of trabeculae with 100-200 µm thickness with variable 
arrangement and orientation that depend mainly of the loading mechanism on the bone 
(Martin et al., 2015). The cortical bone can be found in the outer cortex of long bones and 
surrounding the cancellous bone part. The trabecular bone can be found in the flat bones, 
irregular bones, and at the ends of long bones (Liu, X., & Ma, P. X., 2004) (Martin et al., 
2015). The cortical part is very dense, with less than 10% porosity. The porosity is formed 
by Haversian canals and resorption cavities (Burr and Allen, 2019). Haversian canals are 
long canals with 50µm diameter that connect with each other through Volkmann’s canals. 
Resorption cavities are 200µm and represent a vital part for bony ingrowth (Martin et al., 
2015). At the micro-level, the compact bone is composed of lamellae that are regular 
cylindrical in shape. On the other hand, the cancellous bone is composed of irregular 
lamellae. The literature review showed different perspectives regarding the similarities and 
differences between the two types of bone. Some studies proposed that both cortical and 
trabecular bones have similar chemical and mechanical properties (Fridez, P., 1996) 
(Carter, D. R. and Hayes, W. C., 1977) (Zysset, P. K., 1994). Other studies proposed that 
each bone type has its own properties. As cortical and trabecular bones have different 
porosity, chemical composition, and mechanical behavior, we believe that they should not 
be considered.  
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Investigating the bone at the micro-level (10 µm- 500 µm) focuses on the main 
morphological features: porosity, interconnectivity, pore size, anisotropy, and cross-
sectional area. Four of these morphological features should be taken into consideration for 
modeling bone fractures. The porosity represents the main feature at the micro-level, which 
is the relation between the pore volume over the specimen volume. The second feature is 
the interconnectivity, which is the interconnected pores volume over the total porosity 
volume. The other feature is the pore size, which can be defined as the pore diameter. The 
final feature is the non-homogeneity in the alignment of fiber patterns. 
 
 




2.4 MECHANICAL PROPERTIES OF THE BONE AT NANOSCALE 
Bone tissue at nano-scale contains mineral phase (65%) represented by hydroxyapatite, 
organic phase (25%) represented by collagen, non collagenous proteins, bone cells, and 
water with different percentages (Park, J., & Lakes, R. S., 2007) (Karsdal, M., 2019) 
(Shoulders, M. D., & Raines, R. T., 2009), as shown in Figure 2.10. These contents form 
the complex structure and provide the material properties to the bone. Investigating the 
bone at the nano-level (< 1 µm) considers the architecture of the collagen fibrils alignment. 
Investigating and understanding damage development in a bone at nano-level is as 
important as the macro and micro-levels.  
                 
Figure 2.10 Bone tissue at nanoscale contains mineral phase (65%) represented by hydroxyapatite, organic 




The bone mainly is composed of type I collagen, which is a triple helix protein has 
the ability to be organized into fibers that provide the strength and flexibility to the bone. 
At the molecular level, the collagen fibril is a triple helix that includes one α2-chain and 
two α1-chain that composed of glycine (GLY), proline (PLY) and hydroxyproline (HYP) 
(Lodish  et al., 2000) (Alvarez, K., & Nakajima, H., 2009) (Liebi et al., 2015) (Burr, D. B., 
& Allen, M. R., 2013), as shown in Figure 2.11.  
 
 
Figure 2.11 Type I collagen fibril, which is a triple helix protein has the ability to be organized into fibers 
that provide the strength and flexibility to the bone. At the molecular level, the collagen fibril is a triple 
helix that includes one α2-chain and two α (Lodish  et al., 2000) (Alvarez, K., & Nakajima, H., 2009) 
(Liebi et al., 2015) (Burr, D. B., & Allen, M. R., 2013) 
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Type I collagen can be found in other tissues such as ligament, tendon, and skin 
(Shoulders, M. D., & Raines, R. T., 2009). Additionally, osteocalcin, which is another non-
collagenous organic protein, has a significant role in new bone mineralization. The mineral 
phase is composed mostly of hydroxyapatite that is composed of calcium, phosphate and 
hydroxide with chemical composition Ca10(PO4)6(OH2) that provides the stiffness to the 
bone (Liebi et al., 2015), as shown in Figure 2.12. The average hydroxyapatite crystal size 
is 50 × 25 × 2 nm. 
 
 
Figure 2.12 Hydroxyapatite crystal composed of calcium, phosphate and hydroxide with chemical 




There are different bone diseases that affect the molecular structure of the tissue. 
Osteogenesis Imperfecta (OI) is a genetic disorder that affects bone strength as a result of 
the mutation of the gene COL1A1/ COL1A2, which is responsible for collagen type I 
production (Steiner, R. D., & Basel, D., 2019) (Marini, J. C., & Cabral, W. A., 2018) 
(Forlino, A., & Marini, J. C., 2016) (Rauch, F., & Glorieux, F. H., 2004) (Beck et al., 2000). 
It occurs as a result of the substitution of Glycine with Valine, Arginine, Aspartic acid, 
Glutamic acid, and Cystine. This substitution affects the mechanical properties and strength 
of the collagen helix, collagen- hydroxyapatite interface, and eventually affects the mineral 
matrix. In general, the abnormality in the atomic structure of either the collagen or the 
hydroxyapatite is the main reason of the fragility in OI bone tissues. 
There are several techniques that are used to characterize the orientation of the 
collagen fibrils. These techniques are polarized Raman spectroscopy (Schrof et al., 2014) 
(Buchwald et al., 2012), polarized Fourier transform infrared spectroscopy (Bi et al., 2005), 
polarized second harmonic generation (Couture et al., 2015) (Chen et al., 2012), small-
angle light scattering spectroscopy (Robitaille et al., 2011) (Arifler et al., 2007), elastic 
scattering spectroscopy (Kostyuk, O., & Brown, R. A., 2004) (Kostyuk et al., 2004), 
electron transmission diffraction (Georgiadis ey al., 2016) (McNally et al., 2012), electron 
backscatter diffraction (Shah et al., 2019), magnetic resonance imaging (Hänninen et al., 
2017), and microwave method (Osaki et al., 2002). The main limitations with these 
techniques are the limited resolution of the tests, time it takes to perform the test, the cost 
of the tests, and lack of ability to visualize the three-dimensional orientation of a bone. The 
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orientation of the collagen fibrils is shown in Figure 2.13. Additionally, none of these 
techniques had the ability to provide a quantitative representation of the bone. In the current 
study, X-ray based technique is used to observe the bone at the nano-level. The orientation 
of the collagen can be observed by using the X-ray based technique. A molecular dynamics 
simulation can be used to investigate the mechanical behavior of the bone at the nano level 
and the collagen helix and Hydroxyapatite oriented in different modes depending on the 




Figure 2.13 Collagen fibrils Orientation (Ruggeri et al., 1997) 
 
 
2.5 LITERATURE REVIEW 
Numerous damage models were proposed using the macrostructure of the bone. 
However, each model has made an assumption regarding the mechanical properties, 
loading conditions, or the structure of the bone. These assumptions have not given realistic 
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predictions for the damage accumulation in a bone. Depending on the mechanical 
properties of bone tissue, bone damage models can be divided into elastic-viscoplastic, 
elasto-plastic, and plastic damage models. In addition, depending on the damage type, bone 
damage models can be divided into electromagnetic, fracture, bending, and fatigue damage 
models. The elastic-viscoplastic damage models take into consideration that the bone has 
elastic, plastic, and viscus material properties.  
              Recently, several models have been proposed that describe the damage model of 
bone as an elastic viscoplastic model such as Keyak and Rossi (Keyak and Rossi, 2000). 
They proposed fracture load by using finite element models and several failure theories 
(Keyak and Rossi, 2000). However, they used isotropic material properties for bone tissue. 
Some studies proposed elasto-plastic damage modes as well. These models take into 
account elastic and plastic material properties such as in Garcia et al. study (Garcia et al., 
2010) and Fondrk et al. (Fondrk et al., 1999). They proposed elastic plastic damage models 
for bone tissue and developed a model, but for cortical bone tissue only. Other studies 
proposed plastic damage models, which take into consideration that the bone has plastic 
material properties only. In addition to the mechanical properties, the loading conditions 
have a significant effect on the macro-damage accumulation of the bone.  Some studies 
analyzed only tension, compression, or three-point bending, Zlámal et al. (Zlámal et al., 
2014). Zlámal et al. proposed a numerical model for trabecular tissue using compression 
test and time-lapse x-ray radiography and three-point bending test of single trabeculae 
(Zlámal et al., 2014). The main challenge in this field is to design a model for bone that 
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contains both the cortical and trabecular components of the bone. Some studies have 
worked only on the cortical component, such as Natali et al. (Natali et al., 2008).  
The CM nail has been featured in literature describing the clinical outcomes for 
long (Kane et al., 2014) (JIN et al., 2018) and short (Kwak et al., 2018) (El-Dessokey & 
Mohammed, 2013) nails in general (Okcu et al., 2013) (Vaughn et al., 2015). Okcu et al. 
(Okcu et al., 2013) compared between 15 short nails versus 18 long nails and indicated that 
operations that used long nails took more time (specifically to set the nail), though they 
needed shorter follow up. Kleweno et al. (Kleweno et al., 2014) performed a retrospective 
study on 219 short nails versus 340 long nails and demonstrated that failure rates were 
similar for both nails in older patients (> 65). Another retrospective study performed by 
Hou et al. (Hou et al., 2013) on 183 long and 100 short nails indicated that long nails needed 
more operation time, resulting in high blood loss, while a delayed union was observed on 
short nails. Additionally, they concluded that the benefits were similar for short and long 
nails in older patients. Boone et al. (Boone et al., 2014) performed a retrospective study on 
82 short and 119 long nails and indicated that long nails operations needed more time while 
there were no other significant differences. Vaughn et al. (Vaughn et al., 2015) 
demonstrated that short nails had significantly higher risks than long nails. In general, the 
pros of short nails are simple insertion, while thigh pain and distal fracture are the main 
cons. On the other hand, the main pros of long nails are mechanical benefits while long 
operation time and high radiation exposure are the main cons.  
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From a biomechanical perspective, Marmor et al. (Marmor et al., 2015) investigated 
short and long nails. Marmor et al concluded that the nail design does not have significant 
effects. Nevertheless, it is important to point that their work was based on synthetic bone, 
that neglects the demographical factors that affect real bone. In their study, they tested 
synthetic bone for ten cycles at 0.2 Hz and then loaded to failure, and they reported the 
results only on the axial condition. The cyclic behavior of the bone and the bone-nail 
construct depends on how the load was applied, uniaxial versus biaxial (Schneider et al., 
2001). After the surgery, the bone-construct experiences a combined compression and 
torsion type of loading (Schneider et al., 2001). Therefore, it is important to design 
experiments that simulate conditions experienced in vivo. Since the stiffness has been 
related in the literature to have an effect on the life of the construct (Schmidt et al., 2013) 
(Bottlang et al., 2010) (Nanavati & Walker, 2014), we used stiffness as a controlling 
parameter in assessing the construct behavior.  
Experimental and theoretical studies have been performed to understand the atomic 
structure of bone (Andriotis et al., 2015) (Shen et al., 2008) (Fratzl et al., 2004) (Rho et al., 
2002) (Ji, B., 2008) (Gao, H. 2006) (Ji, B., & Gao, H., 2004) (Jäger, I., & Fratzl, P., 2000) 
(Buehler, M. J., 2007) (Zhang et al., 2007) (Buehler, M. J., 2006) (Chang e al., 2012). 
Experimentally, it is still a challenge to characterize bone atomic and structural integrity at 
the nano level. Additionally, most studies were focused on investigating CF and fibers 
under tension [27, 28], and investigating the effect of bone structure at nano level on bone 
failure (Andriotis et al., 2015) (Rho et al., 2002). On the other hand, the theoretical work 
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has been performed mostly to understand the effect of the collagen and hydroxyapatite 
structure and properties on biomaterials design, such as bone scaffold hierarchical design 
(Ji, B., & Gao, H., 2004) (Jäger, I., & Fratzl, P., 2000) (Buehler, M. J., 2007). Additionally, 
the molecular dynamics simulation has been exploited to investigate the variation in the 
material properties of the bone at the molecular level assemblies ) (Jäger, I., & Fratzl, P., 
2000) (Buehler, M. J., 2007) (Zhang et al., 2007) (Buehler, M. J., 2006), and how changing 
the residue sequence of the collagen helix affects the molecular mechanical properties of a 








In order to understand the bone fracture, it is very important to study macrodamage of bone 
with respect to mechanical and physiological loads. Bone tissue is a complex, multiphasic, 
heterogeneous, anisotropic, and a highly hierarchized material structure. Predicting and 
preventing bone fracture is a very important area in orthopaedics given the volume of 
fractures that occurs annually. From a macroscopic point of view, bone tissue is divided 
into two types: trabecular bone with 50–95% porosity (Jacobs, C., 2000) and cortical bone 
with 5–10% porosity (Jacobs, C., 2000). Bone tissue can be divided into five levels (Rho 
et al., 1998), which are macro, meso, micros, sub micro, and nanostructure. The 
macrostructure level is the whole bone, ranges from several millimeters to several 
centimeters, as shown in Figure (3.1). In this paper, an attempt has been made to establish 
a detailed understanding of the bone tissue mechanical behavior as it is important in the 
device design and to derive implant life. Correspondingly, an accurate damage prediction 
model for a bone tissue is needed in order to predict the fracture of the bone or the reliability 





Figure 3.1 Hierarchal structure of the bone (Rho et al., 1998) 
 
Numerous damage models were proposed using the macrostructure of the bone. 
However, each model has made an assumption regarding the mechanical properties, 
loading conditions, or the structure of the bone. These assumptions have not given realistic 
predictions for the damage accumulation in a bone. Depending on the mechanical 
properties of bone tissue, bone damage models can be divided into elastic-viscoplastic, 
elasto – plastic, and plastic damage models. In addition, depending on the damage type, 
bone damage models can be divided into electromagnetic, fracture, bending, and fatigue 
damage models. The elastic-viscoplastic damage models take into consideration that the 
bone has elastic, plastic, and viscus material properties.  
Recently, several models have been proposed that describe the damage model of 
bone as an elastic viscoplastic model such as Keyak and Rossi (Keyak, J., & Rossi, S., 
2000). They proposed fracture load by using finite element models and several failure 
36 
 
theories (Keyak, J., & Rossi, S., 2000). However, they used isotropic material properties 
for bone tissue. Some studies proposed elasto - plastic damage modes as well. These 
models take into account elastic and plastic material properties such as in Garcia et al. study 
(Gracia et al., 2010) and Fondrk et al. (Fondrk et al., 1999). They proposed elastic plastic 
damage models for bone tissue and developed a model for cortical bone tissue only. Other 
studies proposed plastic damage models, which take into consideration that the bone has 
plastic material properties only. In addition to the mechanical properties, the loading 
conditions have a significant effect on the macrodamage accumulation of the bone.  Some 
studies analyzed only tension, compression, or three points bending, Zlámal et al. (Zlámal 
et al., 2014). 
             Zlámal et al. proposed a numerical model for trabecular tissue using compression 
test and time-lapse x-ray radiography and three-point bending test of single trabeculae 
(Zlámal et al., 2014). Besides all of that, the main challenge that has been faced was to 
design a model for bone that contains together the cortical and trabecular components of 
the bone. Some studies have worked only on the cortical component, such as Natali et al. 
(Natali et al., 2008). Figure (3.2) and (3.3) show the use of a small sample from the femur 
to perform the finite element simulations. Other studies assumed that the damage starts at 
the trabecular components so they created the damage models for the trabecular bone only, 
such as Charlebois et al. (Charlebois et al., 2010), Hambli (Hambli, 2013), and Hosseini et 
al. (Hosseini et al., 2015). Figures 3.4 and 3.5 show the use of a micro-CT to create small 
samples to perform the finite element simulations. In this paper, an attempt has been made 
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to create a 3D model of the femoral bone that considers the anisotropic material properties 
of bone tissue and loads from realistic gait cycle to understand how damage accumulates 
in human bone tissue. 
 
Figure 3.2 Garcia et al.’s elastic-viscoplastic damage model finite element analysis on a cortical bone specimen 
(Gracia et al., 2010)   
 
 




Figure 3.4 Hosseini et al.’s plastic damage model for trabecular bone (Hosseini et al., 2015) 
 
 
Figure 3.5 Hambli’s fatigue damage model (Hambli, 2013) 
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3.2 MATERIAL AND METHODS 
3.2.1 Finite Element Modeling 
Because of the difficulty in studying the macrodamage accumulation of the bone in 
vivo, mathematical and phenomenological models were used to simulate physiological 
conditions. A three-dimensional model of the femoral bone was created. Hip fractures are 
currently treated by trauma instrumentation. The choice of the biomaterial constituting the 
prosthesis determines reliability. Hence, failure predictions in bone and bone-implant 
stability must be thoroughly investigated on computational models.  
 
3.2.2 Creating the model 
A femur bone model was developed in three steps. Firstly, CT images for the femur 
were taken for a normal healthy femoral bone. Secondly, the CT images have been 
imported into MIMICS 13.0 program to create a 3D model of the femoral bone, as shown 
in Figure (3.6). The cortical and trabecular components were created depending on the 
difference in density between them. Thirdly, the final model has been imported into 
SolidWorks (Dassault Systèmes SolidWorks Corp., Concord, MA, USA). to make the final 
improvements. The final model of the femoral bone that has both the cortical and the 




Figure 3.6 Creating the 3D model of the femoral bone using MIMICS 
 
 
Figure 3.7 Femoral bone model 
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3.2.3 Material Definition 
The proposed material properties of the bone consider the anisotropic and 
nonhomogeneity of the bone with its two types, the cortical and trabecular. The trabecular 
bone is a spongy region; its density is lower than that of the cortical region, which is the 
hard and dense part of the bone. There are various procedures that have been performed to 
approximate the modulus of elasticity (E) of the bone depending on Hounsfield units (HU) 
and density (𝜌) (Taylor et al., 2002) (Peng et al., 2006) (Wirtz et al., 2000). To give a 
realistic approximation for the bone tissue material properties, nine elastic constants must 
be provided depending on the orientation of principal axes of orthotropy. While it is 
straightforward to assign principal axes to the cortical zone, it is very challenging for the 
trabecular zone. In this study, both the cortical and the trabecular zones have been divided 
into eight smaller segments. Then, each segment has been divided into ten material groups.  
Within MIMICS program, the Hounsfield units (HU) were used to calculate the 
density (𝜌) across each segment, and then the young’s modulus (E) has been calculated in 
the radial, axial, and circumferential directions. Figure (3.8) shows the HU distribution 






Figure 3.8 Hounsfield units (HU) distribution across the femoral bone CT images 
 
The mathematical relationship between Hounsfield units (HU) and effective 
density (𝜌) that has been applied in MIMICS is: 
    𝜌 = 0.0000464 𝐻𝑈 + 1             (3.1) 
Where the unit for the effective density (𝜌) is (g/cm3). The CT slices were used to 
align the orientation of each segment material. Also, the orthotropic relationships between 
the elastic constants and the density are different for the cortical and trabecular parts as 
described earlier, as shown in table (3.1). Also, Figure (3.9) shows the procedure that has 
been used to find the material properties for each part of the femoral bone that has been 
used in this study. Appendix (A) shows the 80 material groups with their densities and the 
nine elastic constants. The colors have been modified to be green-blue colors for the 
trabecular material groups and yellow-red colors for the cortical material groups, so one 
can differentiate between them, as shown in the last step. Finally, the material properties 
have been imported into ANSYS Workbench 16.2 (ANSYS Inc., Canonsburg, PA, USA). 
This procedure has been discussed in detail in literature (Taylor et al., 2002) (Peng et al., 
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2006) (Wirtz et al., 2000). Additionally, to validate the importance of studying the bone as 
a composite material, the finite element simulation for each part of the bone has been done 
separately also. These simulations are extremely important in order to understand the effect 
of each zone on the whole bone.   
 
Figure 3.9 Material definition; the femoral bone model was imported in MIMICS, and different material 
properties were assigned by relating the bone mineral density with the Hounsfield Units. The colors have 
been modified to be green-blue colors for the trabecula 
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Table 3.1 The orthotropic relationships between elastic constants and density 
 Modulus of 
Elasticity 
Poisson Ratio Shear Modulus 










































Where ρmax represents the maximum density, G12 max = 5.71 MPa, G23 max = 7.11 MPa, and G31 max = 6.58 MPa. 
The superscript numbers denote: 1 for radial direction, 2 for circumferential direction, and 3 for longitudinal 
direction (Taylor et al., 2002) (Peng et al., 2006) (Wirtz et al., 2000). 
 
3.2.4 Finite Element Mesh 
Tetrahedral element type was used in this study with a minimum element size of 
0.02 mm, as shown in Figure (3.10). The final model, which has been modified by 
SolidWorks, was imported into ANSYS Workbench 16.2. The finite element mesh was 
adapted automatically through the program. Following mesh convergence checks, the total 
number of elements was 26,898 for the whole femur, 22,328 elements in the cortical bone, 
and 4570 in the trabecular bone. In order to achieve repetitions of results within five 




Figure 3.10 Meshing with tetrahedral elements 
 
 3.2.5 Loads and Boundary Conditions 
To mimic physiological loading during normal walking, the reconstructed gait 
loads in the model were applied as a time-dependent analysis along its longitudinal axis. 
The gait cycle for walking was imported from HIP98® program. In this program, total hip 
replacement joints on different patients were studied and their movements were compared 
with the normal movements during different activities (Bergmann, 2001).  For the uniaxial 
loading, the equivalent maximum stress from the gait cycle was converted into a single 
load cycle. For the multiaxial loading condition from the gait pattern during walking, the 
initial applied triaxial load (Fz = vertical direction force, Fy and Fx = anterior-posterior 
and medial–lateral forces, respectively). A model fully fixed at the distal end was used in 
this study. The body weight acted on the femoral head and muscular force acted on the 
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proximal femur. The hip contact, which transfers load from the upper body to the lower 
limbs, was investigated under static and dynamic conditions. The dynamic loads of hip 
contact are shown in Figures (3.11) for walking condition. In this study, 106 numbers of 
cycles have been used assuming that the average number of human walking cycles in one 
year is (1,000,000/year). 
 
 
Figure 3.11 The force components of the hip contact force for walking (Bergmann, 2001) 
 
3.3 PHENOMENOLOGICAL BONE MACRODAMAGE MODEL 
Goswami investigated phenomenological life prediction methods in great detail (Goswami, 
T., 1995) (Goswami, T., 1996) (Goswami, T., 1997) (Goswami, T., 2003). The 
macroscopic deformable bodies can be described via continuum mechanics. The main 
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assumption made considers the nonhomogeneous anisotropic material properties of the 
bone tissue for both the cortical and trabecular bones. Since we assumed our model to be a 
composite material with different Young’s moduli in cortical and trabecular zones, an 
assumption was made that the strain in the cortical and trabecular zones is the same. Thus, 
we invoked strain based concept in damage modeling. The main material properties that 
are considered in creating the macrodamage accumulation model of the bone tissue are 
modulus of elasticity, fatigue strength coefficient, fatigue ductility coefficient, fatigue 
strength exponent, and fatigue ductility exponent. The first assumption in creating the 
model is to consider the elastic and plastic components: 
    𝑡 = 𝑒 + 𝑝                                                    (3.2) 
Where 𝑡 represents the total strain, εe the elastic strain, and εp the plastic strain. According 
to Hook’s law: 
    𝜎 = 𝐸                                                      (3.3) 
where E denotes the modulus of elasticity, and 𝜎 the total stress. As it is important to take 
the nonhomogeneity of the bone tissue, the total strain can be expressed as: 
   𝑘𝑙 = 𝑘𝑙(𝐸𝑙𝑎𝑠𝑡𝑖𝑐) + 𝑘𝑙(𝑃𝑙𝑎𝑠𝑡𝑖𝑐)                        (3.4) 
Where 𝑘𝑙 represents the strain into different directions.  
According to Coffin-Manson relation for the strain-life curve that shown in Figure 
(3.12), the elastic and plastic part can be expressed as follows: 





𝑐                              (3.5) 
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Where ?̀?𝑓 the fatigue strength coefficient, ?̀? the fatigue ductility coefficient, 𝑏 the fatigue 
strength exponent, 𝑐 the fatigue ductility exponent, and Cijkl are the elasticity tensor 
components. There are three types of fluctuating stresses. These are fully reversed, 
repeated, and fluctuating stresses. To create the model, the mean stress 𝜎𝑚  is taken into 
consideration. The mean stress exists when the loading is of a repeating or fluctuating type. 
 
 







When considering the mean stress, the equation of the total strain is written as: 










𝑐                    (3.6) 
To find the mean stress 𝜎𝑚 and the ultimate stress 𝜎𝑎: 
    𝜎𝑚 =
𝜎𝑚𝑎𝑥+𝜎𝑚𝑖𝑛
2
                                                              (3.7) 
And, 
    𝜎𝑎 =
𝜎𝑚𝑎𝑥−𝜎𝑚𝑖𝑛
2
                                                              (3.8) 
Where 𝜎𝑚𝑎𝑥 and 𝜎𝑚𝑖𝑛 are the maximum and minimum von Mises stresses, respectively, 
during the loading cycle. As finding the empirical constants b and c needs experimental 
work, the universal slops method, shown in Figure (3.13), was used instead of Coffin-
Manson relation (Manson, S., 1965). With the universal slopes method, the fatigue strength 
exponent (b) is related to the ultimate tensile strength and ductility exponent (c) that is 
related to true strain at fracture of the material are replaced by average slope values of -
0.12 and -0.6, respectively. The total strain relation is written as: 








−0.6              (3.9) 
And by simplifying equation (3.9): 












Figure 3.13 Universal slops method stress -life curve (Manson, S., 1965) 
 
The amount of damage experienced by the body is quantified by a single damage 
variable D. The damage variable D = 0 when the material is undamaged. While the damage 
variable D = 1 when the material totally failed. According to Miner’s rule, damage equation 
is: 




𝑖=0                                 (3.11) 
where ni is the number of cycles of the occurred stress range, and Nfi is the number of cycles 
to failure. In the case of anisotropic damage, the relation among the damage variable 𝐷, 
stress, and strain: 
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                                                      𝜎𝑖𝑗 = (1 − 𝐷)𝐶𝑖𝑗𝑘𝑖 𝑘𝑙                               (3.12) 
where D denotes the damage variable, σij the stress components, εkl the strains and Cijkl are 
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𝐶11 = 𝐸1(1 − 𝜈23𝜈32)Υ = 𝐸1(𝜈23 − 𝜈2ℎℎ3𝜈32)Υ
𝐶22 = 𝐸2(1 − 𝜈13𝜈31)Υ = 𝐸1(𝜈23 − 𝜈2𝑣𝑐3𝜈32)Υ
𝐶33 = 𝐸3(1 − 𝜈12𝜈21)Υ = 𝐸1(𝜈23 − 𝜈23𝑣𝜈32)Υ 
𝐶12 = 𝐸1(𝜈21 − 𝜈31𝜈23)Υ = 𝐸2(𝜈12 − 𝜈13𝜈32)Υ
𝐶13 = 𝐸1(𝜈31 − 𝜈21𝜈32)Υ = 𝐸3(𝜈13 − 𝜈23𝜈12)Υ
𝐶23 = 𝐸2(𝜈32 − 𝜈12𝜈31)Υ = 𝐸3(𝜈23 − 𝜈21𝜈13)Υ
𝐶44 = 𝐺23(𝜈21 − 𝜈31𝜈23)Υ = 𝐸2(𝜈12 − 𝜈13𝜈32)Υ
𝐶55 = 𝐺31(𝜈21 − 𝜈31𝜈23)Υ = 𝐸2(𝜈12 − 𝜈13𝜈32)Υ
𝐶66 = 𝐺12(𝜈21 − 𝜈31𝜈23)Υ = 𝐸2(𝜈12 − 𝜈13𝜈32)Υ
                              (3.14) 
Where E denotes the Young’s modulus, G shear modulus, and 𝜈 Poisson’s ratio. The 
superscript numbers denote: 1 for radial direction, 2 for circumferential direction, and 3 for 
longitudinal direction.  
Also, 
   Υ =
1
(1−𝜐12𝜐21−𝜐23𝜐32−2𝜐21𝜐32𝜐13)
                                       (3.15) 
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Appendix (B) shows the elasticity tensor components for each material group calculated 
by using equations (3.14) and (3.15). The proposed model of macrodamage accumulation 
of the bone tissue can be written as: 
    𝐷 = (
(𝐶𝑖𝑗𝑘𝑙𝜀𝑘𝑙)−𝜎𝑖𝑗
𝐶𝑖𝑗𝑘𝑙𝜀𝑘𝑙
)                                                        (3.16) 
And by applying equation (3.16), the final equation for damage is: 



















)     (3.17) 
A single scalar damage variable is often insufficient to describe the variation in 
mechanical properties of damaged materials.  
3.3.1 Applicability of Damage Models to the Femur 
The gait cycle of the hip is used to predict the macrodamage accumulation for the 
femoral bone. Because the femoral bone is subjected to a complex loading, the rain-flow 
method is used to simplify the counting of load cycles. This method is very accommodating 
with the use of Miner's rule. The values of strength and ductility coefficients were used 
from literature. The value of Fatigue strength coefficient ?̀?𝑓 that was used is 6, and fatigue 
ductility coefficient ?̀? value that was used is 0.352 (Fatihhi et al., 2015). The procedure of 
using the rain flow method is shown in Figure (14). 
A comparison between the proposed model and three different macrodamage 
accumulations models was performed. The first model was for cortical bone only, second 
for trabecular bone only, and the third model for both cortical and trabecular composite 
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bone. The first model is for the damage of the cortical bone, Pattin et.al. (Pattin et.al., 
1996). In their study, thirty-two specimens of the cortical bone were used. The stress range 
(∆σ)=83 MPa, number of cycles to failure (Nf)= 417, and the modulus (Ef)=9.02 GPa. The 
other model is for the trabecular bone, Hambli (Hambli, 2011). In his study, five specimens 
were taken from the trabecular part of the head of femoral bone.  The stress range (∆σ)=85 
MPa, number of cycles to failure (Nf)= 10
7, and the modulus (Ef)=0.17 GPa. The third 
model is for the damage of both the cortical and trabecular bone components, Zioupos, P., 
& Casinos, A. (Zioupos, P., & Casinos, A., 1998). On the other hand, Miner’s rule and the 
finite element analysis data were used for the proposed model of the femoral bone that has 
both the cortical and trabecular components.  
Figure (3.15) shows the relation between the damage of the bone in terms of cycle 
fraction (n/Nf) for the models. Where (n) is the number of cycles at a specific stress range, 
and (Nf) is the number of cycles to failure at the same stress range. The convex curve shows 
the damage of the cortical bone, while the concave curve shows the damage accumulation 
of the trabecular bone as the cycles increase. Monte Carlo simulation was performed using 
the results from deterministic analysis that shows damage accumulation with number of 
cycles, probabilistically. Monte Carlo Simulation generates a set of random variables 
normally distributed about a mean and standard deviation. Monte Carlo simulation was 
carried out for the proposed model and the other three models. The mean and standard 
deviation for each macrodamage accumulation model has been measured by using JMP 
program, as shown in Figure (3.16). The simulation for each model consisted of 200 
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random generated variables normally distributed. The probability of failure was calculated 
for each model. Table (3.2) shows the mean, standard deviation (SD), variance, and the 
probability of failure for the four models. 
 
Figure 3.14 The procedure of applying the rain-flow method; firstly, the Fx, Fy, and Fz forces have been 
simplified into one curve; then, the rain-flow method (Meyers, M. A., & Chawla, K. K. (2009).  has been 




Table 3.2 Monte Carlo simulation results 
Macrodamage Model Mean SD Variance Probability 
of Failure 
The Proposed Femoral 
Model Using Miner’s Rule 
0.333299 0.393134 0.154554 13.26% 
Zioupos, 1998 0.806667 0.944787 0.892622 37.90% 
Pattin et. al., 1996 0.55734 0.246868 0.060944 42.20% 




Figure 3.15 The relation between the damage of the bone and the fraction of fatigue lifetime cycles (n/Nf); 




Figure 3.16 Monte Carlo simulation of the four models using JMP program 
 
3.4 RESULTS 
First, stress-strain analyses in uniaxial and multiaxial loading conditions are considered 
then fatigue life prediction of bone carried out. The maximum Von Mises stresses were 
obtained from both uniaxial and multiaxial loading conditions for static simulations, as 
shown in Figures (3.17) and (3.18), where the stresses are 78.7 and 99.4 MPa for the 
uniaxial and multiaxial loadings, respectively. Figures (3.19) and (3.20) shows the Von 
Mises stresses for the dynamic simulation of both loadings’ conditions, where the stresses 
are 105.8 and 124.2 MPa for the uniaxial and multiaxial loadings, respectively. In addition, 
the total life was obtained from both uniaxial and multiaxial loading conditions for the 
dynamic simulation assuming that bone is not a synthetic material with regeneration/ 
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remodeling capabilities, as shown in Figure (3.21).The relation between the maximum 
stress and the number of cycles to failure is shown in Figure (3.22) for both the uniaxial 
and the multiaxial loading conditions. The polynomial curve fitting (σmax = -19.0 ln (Nf) + 
309.4, R² = 0.963 for the multiaxial loading condition, and σmax = -16.8 ln (Nf) + 265.5, R² 
= 0.957 for the uniaxial loading condition) proves that the stress decreases linearly with 
the increase in life or number of cycles to failure (Nf). In addition, Figure (3.23) shows that 
for the given life, the trabecular bone accumulated approximately 25% more plastic strain 
than the cortical bone. Also, the same trend was observed with elastic strain accumulation 
in the trabecular bone where it was approximately 6% higher than the cortical bone. 
 




Figure 3.18 Finite element simulation results for both the static and dynamic loading conditions 
 
 


































Figure 3.21 Total life for the uniaxial and multiaxial loading conditions; the results show that the bone is 




Figure 3.22 Maximum stress versus the number of cycles to failure for both the uniaxial and the multiaxial 
dynamic loading condition 
 
Figure 3.23 Plastic strain versus the number of cycles to failure for the cortical bone and the trabecular 
bone. Equation (3.6) was used to calculate the strains. The measurements of the stresses and the number of 
cycles were obtained from the finite element simulation 
y = -19.09ln(x) + 309.41
R² = 0.9639























Number of Cycles to Failure (Nf)
Muliaxial
Uniaxial
101                     102                     103                      104                    105                    106
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The finite element modeling of damage considers that the damage equals to zero 
when the element in the region of interest is undamaged. While, the damage is equal to one 
when the element failed. Figure (3.24) shows that the damage starts at the femoral neck 
after 106 cycles. To make a comparison between the cortical and trabecular components of 
the bone, each part has been evaluated individually. Figure (3.25) shows the relation 
between the damage and the fraction of fatigue lifetime (n/Nf). 
 
Figure 3.24 The macrodamage of the femoral bone under 106 cycles 
 
Force vs. displacement curves we presented from finite element analysis, as shown 
in Figure (3.26). The polynomial curves fitting for the whole bone data (F = 562.9 d3 – 
1461 d2 + 6538 d, R² = 0.996), for the cortical bone (F =  - 1284 d3 – 8091 d2 + 20430d, R² 
= 0.994), and for the trabecular bone (F = 1029 d3 - 798.1 d2 + 2170 d, R² = 0.997) suggest 




Figure 3.25 The relation between the fraction of fatigue lifetime (n/Nf) and the damage of (a) the cortical 
bone, (b) the trabecular bone, and (c) the combined model that has both 
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To measure the stiffness, data was generated from 26,898 elements and analyzed. 
It appears that the mean stiffness of the cortical bone was 7890, trabecular bone, 2860 and 
that of whole bone 4864 N/mm, as expected.  
 
Figure 3.26 Force (N) vs. displacement (mm) curves (the data from finite element simulation). 
 
3.5. DISCUSSION 
Macrodamage accumulation of bone tissue was estimated for two different loading 





















taken into consideration. Also, the anisotropic and the nonhomogeneous material 
properties of the cortical and trabecular zones were included. MIMICS program was used 
to create the material properties depending on Hounsfield unit and the relation among the 
density of the bone and the modulus of elasticity and Poisson’s ratio assigned based on 
gray scale distribution across the 3D model of the femur. To validate the importance of 
studying the bone as a composite material, a study on each part of the bone has been done 
separately also. This is very important in order to understand the effect of each zone on the 
whole bone.  A comparison between the proposed model and three different macrodamage 
accumulations models was performed. The first model (Pattin et al., 1996) shows cortical 
bone behavior, and the study was done on a small sample of the femoral bone. The second 
model (Hambli, 2011) was for trabecular bone only, on a small sample of the bone. The 
third model (Zioupos et al., 1998) was for a portion of the bone that contained both cortical 
and trabecular parts. However, the material properties were simple, isotropic, and 
homogeneous for all three models. Moreover, the macrodamage models were nonlinear in 
the first two models and linear in the last model. In the current study, Miner’s rule was 
used with the proposed femoral model that contained both the cortical and the trabecular 
components, and a linear relationship was assumed. Also, rain flow method was used to 
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simplify the gait cycle of normal walking. Figure (3.15) shows that the damage in the 
cortical bone is higher than the trabecular bone for the same fraction of fatigue cycles (n/Nf) 
at a particular stress range.  For the cortical bone, the damage starts to decrease when (n/Nf) 
reaches 0.9, while for the trabecular bone the damage keeps increasing till (n/Nf) reaches 
1.  
The probability of failure was calculated from the distribution of the random 
variables for each model by using Monte Carlo simulation. The probability of failure for 
the proposed model was 13.26%, while the probability of failure was 37.90% for the whole 
bone model and 42.20% for the cortical bone model. The reason for this large difference 
between the probability of failure of the proposed model and the other models is likely due 
to entire femoral bone was studied in our study. On the other hand, the other models were 
on a small sample of the bone. The data clearly shows that the composite bone as 
considered in the present study has lower von Mises stresses and thus lower failure 
probability than elastic/plastic materials. 
Furthermore, the finite element analysis allowed a deeper understanding for the 
macrodamage accumulation of bone tissue. A comparison between different loading 
conditions was evaluated. The first loading condition was a multiaxial loading, where the 
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cycle for normal walking was used including Fx, Fy, and Fz the other loading condition was 
the uniaxial loading, where the equivalent maximum stress from the gait cycle was 
converted into a single load cycle. The results showed a significant difference between the 
two loading conditions. In static finite element simulation, the maximum Von Mises stress 
was 78 MPa for the uniaxial loading condition, and 99 MPa for the multiaxial loading 
condition, respectively. These results were expected as the loads are higher in the 
multiaxial loading condition, which led to a greater amount of stress than the uniaxial 
loading condition. The advantage of the static simulation in this study is to confirm the 
validation of the 3D model of the femoral bone with literature. In the dynamic finite 
element simulation, the maximum Von Mises stresses were 105.8 MPa for the uniaxial 
loading condition, and 124.2 MPa for the multiaxial loading condition, respectively.  
The study showed that the failure starts faster in the multiaxial loading condition 
than the uniaxial loading condition for the same number of cycles. Furthermore, the finite 
element simulation showed that the relation between the stress and strain stays the same 
till the stress reaches 65 MPa. Then the stress starts to be higher for the multiaxial loading 
condition than the uniaxial loading condition for the same amount of displacement. In 
addition, the finite element simulation for the damage of the bone showed that the damage 
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starts at the femoral neck. This result was expected, as the femoral neck is the weakest 
point in the femoral bone and the study was done on a healthy bone that does not have any 
injury. 
The anisotropic material properties were used in the finite element simulation of 
the proposed model. The damage accumulation process in a long bone may be described 
by a three-stage process, as shown in Figure (3.27). 
Since Stage II shows a linear behavior, Stage I is reflective of primary phase, where 
the damage developed in the cortical bone decreases as the cycle fractions increase. 
However, as the Stage I transitions to Stage II, the damage accumulated in the cortical bone 
increases linearly until about a cycle fraction of 0.8, upon attaining this level of fatigue life, 
the damage mode transitions to a more rapid damage accumulation that cannot be described 
by a linear equation. This state, Stage III, is known as the tertiary damage accumulation 
stage and must lead to the bone fracture.  We proposed this behavior for cortical bone, and 
the lower ranges of damage to hold good for trabecular bone as well assuming that the bone 
is anisotropic and nonhomogeneous. However, the damage accumulated on the composite 
bone was derived from the material properties of both cortical and trabecular bones. Three 
damage prediction equations were developed, as shown in table (3.3), where B represents 
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the fatigue cycle fractions (n/Nf) at a particular stress range. Theses equations can be used 
in deriving the bone – fracture equations at a given stress range and fatigue life. The charts 
in Figure (26) show that R2 decreases as the damage increases. The failure starts in the 
cortical bone before the trabecular bone.  
 
 
Figure 3.27 The relation between the damage of the cortical, trabecular, and both of them and the fraction 






Table 3.3 The equations of the proposed models 
The Model The Equation R2 
The Cortical Bone Model A =  - 20.13B5 + 14.60B4 + 7.315B3 - 13.38B2 + 5.485B 0.973 
The Composite bone Model A = 3.706B3 - 5.202B2 + 2.402B + 0.009 0.982 
The Trabecular Bone 
Model 
A =  - 31.84B4 + 31.52B3 - 13.66B2 + 2.573B 0.992 
 
By comparing between the behaviors of the damage of the bone that were reported 
in Figure (3.15) versus Figure (3.27), our effort shows a very clear three stage process. 
Therefore, the mathematical significance of our analysis is applicable in the engineering 
design. 
The results from FE analysis was used to determine mean stiffness. It appears that 
the mean stiffness of the cortical bone was 7890, trabecular bone, 2860 and that of whole 
bone 4864 N/mm. Data generated from 26,898 elements was analyzed, and we observed a 
significant difference in the stiffness of each element. The stiffness is observed in Figure 
(3.28) for the whole bone and the cortical and trabecular bone components, respectively. 
The micromotions or displacements in the hip with implants were investigated (Elliott & 
Goswami, 2012) (Makola & Goswami, 2011) and found to be 2.5 to 6 times higher in the 
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composite bone than with the implants. This difference was a result of the mismatch 
between the E values of bone and implants materials. Our results are consistent with stress 
concentration on the bone surface via body and surface stress. These stresses are 
concentrated on the first layers of the cortical bone which is several millimeters thick. Since 
we are assuming repeated cyclic loads in this study, damage likely concentrate on the 
surface comprised of the cortical bone. Since mechanism in the cancellous bone is 
displacement driven, the composite bone assumes that stress on both zones will be same 
whereas the displacement different. Also, our results are consistent with femoral fractures 
observed clinically resulting from high stress.  The results of FEM analysis is presented in 
terms of both max von Mises stress as well as strain values (Figures 20 and 22), 
respectively, showing the composite laws and material properties as expected, i.e. the 
displacement in the trabecular zone is higher, resulting in a higher strain than the cortical 
zone. Also, at higher total strain obtained life for the D equivalent of 1 is lower, then at low 
total strains. A similar trend was found for the von Mises stress plot as well.  The limitations 
of this study can be the inability to validate the in-vivo conditions in the absence of 
biological self-healing environment. The second limitation is the computer, which makes 




Figure 3.28 Whole bone, cortical bone, and trabecular bone stiffness (N/mm) results 
 
3.6 CONCLUSION 
Based on the nonlinear relationship of the macrodamage mathematical models of bone 
tissue, a conceptual model has been proposed and tested on a human femur. Monte Carlo 
simulation showed that the probability of failure for the proposed model was lower than 
the other models. The reason for this difference is that in this study the entire femoral bone 
was separated in terms of cortical and trabecular components. The results have been 
validated using anisotropic material properties that showed the bone tissue damage cannot 
be expressed by only the cortical or the trabecular bone, and both of them should be taken 
into consideration to develop a more realistic simulation. Three damage prediction 


























Theses equations can be used in deriving the bone – fracture equations at a given stress 
range and fatigue life. The study showed that the failure starts faster in the multiaxial 
loading condition than the uniaxial loading condition for the same number of cycles in the 
finite element simulation. Also, the damage starts at the femoral neck, as the femoral neck 
is the weakest part of the femoral bone. The failure starts in the cortical bone before the 
trabecular bone. This means that the trabecular bone is more ductile while the cortical bone 
is more brittle. The damage behavior seems to follow a three-stage regression; stage one 
was described by a primary phase of damage growth, stage two was described by a 
secondary phase of damage growth, and stage three was described by the tertiary phase of 
damage growth. There is a significant difference in the stiffness of each element. Also, the 










CHAPTER FOUR : BONE ANISOTROPIC MATERIAL 
BEHAVIOR 
The main motivation for studying damage in bone tissue is to better understand how damage 
develops in the bone tissue and how it progresses. Such knowledge may help in the surgical 
aspects of joint replacement, fracture fixation or establishing the fracture tolerance of bones to 
prevent injury. Currently, there are no standards that create a realistic bone model with 
anisotropic material properties although several protocols have been suggested (Zlámal et al., 
2014) (Keyak and Rossi, 2000) (Garcia et al., 2010) (Fondrk et al., 1999). This study seeks to 
retrospectively evaluate the damage of bone tissue with respect to patient demography including 
age, gender, race, body mass index (BMI), height, and weight, and their role in causing fracture. 
Investigators believe that properties derived from CT imaging data to estimate the material 
properties of bone tissue will provide more realistic models. Quantifying and associating 
damage with in vivo conditions will provide the required information to develop mathematical 
equations and procedures to predict the premature failure and potentially mitigate problems 
before they begin. Creating a realistic model for bone tissue can predict the premature failure(s), 
provide preliminary results before getting the surgery, and optimize the design of orthopaedic 
implants. A comparison was performed between the proposed model and previous efforts 
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(Zlámal et al., 2014) (Keyak and Rossi, 2000) (Garcia et al., 2010) (Fondrk et al., 1999), where 
they used elastic, hyper- elastic, or elastic-plastic properties. Results showed that there was a 
significant difference between the anisotropic material properties of bone when compared with 
unrealistic previous methods. The results showed that the density is 50% higher in male subjects 
than female subjects. Additionally, the results showed that the density is 47.91 % higher in Black 
subjects than Mixed subjects, 53.27% higher than Caucasian subjects and 57.41% higher than 




From a macroscopic point of view, bone tissue is divided into two types: trabecular bone 
with 50–95% porosity (Jacobs, 2000) and cortical bone with 5–10% porosity (Jacobs, 
2000). Bone tissue can be divided into five levels (Rho et al., 1998), which are macro, 
meso, micros, sub micro, and nanostructure. The macrostructure level is the whole bone, 
ranges from several millimeters to several centimeters. The microstructure level ranges 
from ten micrometers to five hundred micrometers and contains of the trabecular structure, 
Haversian system, and osteons. The nanostructure includes collagen fibrils architecture and 
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non-collagenous organic protein matrix (mostly hydroxyapatite). An attempt was made to 
establish a detailed understanding of the bone tissue mechanical behavior as it is important 
in the device design and to derive implant life. Correspondingly, an accurate damage 
prediction model for a bone tissue is needed in order to predict the fracture of the bone or 
the reliability of a bone-implant structure. Numerous damage models were proposed using 
the macrostructure of the bone. However, each model has made an assumption regarding 
the mechanical properties, loading conditions, or the structure of the bone. These 
assumptions have not given realistic predictions for the damage accumulation in bone 
tissue. Depending on the mechanical properties of bone tissue, bone damage models can 
be divided into elastic-visco-plastic, elasto – plastic, and plastic damage models. In 
addition, depending on the damage type, bone damage models can be divided into 
electromagnetic, fracture, bending, and fatigue damage models. The elastic-visco-plastic 
damage models take into consideration that the bone has elastic, plastic, and viscous 
material properties.  
Recently, several models have been proposed that describe the damage model of 
bone as an elastic visco-plastic model such as Keyak and Rossi (Keyak and Rossi, 2000). 
They proposed fracture load by using finite element models and several failure theories 
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(Keyak and Rossi, 2000). However, they used isotropic material properties for bone tissue. 
Some studies proposed elasto - plastic damage modes as well. These models take into 
account elastic and plastic material properties such as in Garcia et al. study (Garcia et al., 
2010) and Fondrk et al. (Fondrk et al., 1999). They proposed elastic plastic damage models 
for bone tissue and developed a model for cortical bone tissue only. Other studies proposed 
plastic damage models, which take into consideration that the bone has plastic material 
properties only.  
In addition to the mechanical properties, the loading conditions have a significant 
effect on the macrodamage accumulation of the bone.  Some studies analyzed only tension, 
compression, or three points bending (Zlámal et al., 2014). Zlámal et al. proposed a 
numerical model for trabecular tissue using compression test and time-lapse x-ray 
radiography and three-point bending test of single trabeculae (Zlámal et al., 2014).  
The main challenge that was faced relates to design a model for bone that contains 
together the cortical and trabecular components of the bone. Some studies have worked 
only on the cortical component, such as Natali et al. (Natali et al., 2008). Other studies 
assumed that the damage starts at the trabecular components and created the damage 
models at the micro-level by using micro-CT data for the trabecular bone only, such as 
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Charlebois et al. (Charlebois et al., 2010), Hambli (Hambli, 2013), and Hosseini et al. 
(Hosseini et al., 2015). In addition, recently several studies have proposed simple 
description and modeling for bone tissue at nano-levels such as Abueidda et al. (Abueidda 
et al., 2017), Lin et al. (Lin et al., 2017), Lai & Yan (Lai & Yan, 2017), and Depalle et al 
(Depalle et al, 2015). 
The elastic response of the bone means that when the load is applied, the bone 
deforms up to 3%, and when the force is removed, the bone returns to its original condition 
(Burckhardt, 2004). The plastic response of the bone means that when a specific amount of 
load is applied, the bone deforms permanently. The hyper-elastic response of the bone is 
that when the load is applied, the bone deforms, and when the force is removed, the bone 
returns to its original extent (Caler and Carter, 1989), which is similar to the elastic response. 
The hyper-elastic strain energy density functions models were used by Neo-Hookean and 
Mooney-Rivilin (Zioupos, 1996). A sketch for the stress versus strain curve is shown in 




Figure 4.1 Stress versus strain curve (Burckhardt, 2004) 
 
4.2 MATERIALS AND METHODS 
4.2.1 Image Processing 
In this study, the CT imaging data of 313 subjects were investigated by creating 
three-dimensional models. Research was conducted in accordance with the ethics protocol 
approved by the Health and Research Board (# 06413) at Wright State University, USA. 
Imaging data collection focused on lower extremity long bones and divided into three 
major categories, including normal, fractured, and bone with fixation devices. Data 
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collected included demography such as age, gender, race, body mass index (BMI), height, 
and weight, as well as the clinical indication reported by the radiologist. We classified the 
selected subjects into Caucasian, Black, Asian, and Mixed, as shown in Figure (4.2). 
 
 
Figure 4.2 The classification of the 313 subjects included in the study 
 






































4.2.2 Mathematical Representation 
To be able to understand the importance of modeling the bone as anisotropic 
structure, it was essential to investigate the difference in the mechanical behavior of the 
bone with respect to material properties representation. Four different material properties 
were investigated including elastic, elastic-plastic, and hyper-elastic properties. In 
addition, Figure (4.3) shows the framework for modeling different material behavior of the 
bone. 
 
Figure 4.3 The framework for modeling different material behavior for the bone 
Providing CT Scans for the 
Bone
Creating a 3D model by using 
MIMICS program
Importing the implant in the 
bone by using SolidWorks
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Calculation of the Modulus 
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Importing the Models Into Ansys 
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4.2.2.1 Elastic Response of the Bone 
To model the elastic response of the bone, the constitutive equations based on strain energy 
(W) function needs to be defined, as follows: 
𝑊 = 𝐶0 + 𝐶𝑖𝑗 𝑖𝑗 +
1
2
𝐶𝑖𝑗𝑘𝑙 𝑖𝑗 𝑘𝑙                   (4.1) 
 
Where,  is the strain tenser and 𝐶 is the elastic constant that needs to be found 
experimentally. If there is no deformation, then 
                           𝑖𝑗 = 0
 
⇒𝑊( 𝑖𝑗 = 0) = 𝐶0
 
⇒ 𝐶0 = 0            (4.2) 
By obtaining Cauchy stress (𝜎): 
                      𝜎𝑖𝑗 =
𝜕𝑊
𝜕𝜀𝑖𝑗
= 𝐶𝑖𝑗 + 𝐶𝑖𝑗𝑘𝑙 𝑘𝑙                   (4.3) 
If there is no deformation also, then: 
                      𝜎𝑖𝑗( 𝑖𝑗 = 0) = 𝐶𝑖𝑗                            (4.4) 
                             𝜎𝑖𝑗( 𝑖𝑗 = 0) = 𝐶𝑖𝑗 = 0 𝑡ℎ𝑒𝑛 𝐶𝑖𝑗 = 0                     (4.5) 
So this leads us to Hooke's law, as follows: 
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                         𝜎𝑖𝑗 = 𝐶𝑖𝑗𝑘𝑙 𝑘𝑙                           (4.6) 
Substituting into strain energy function   
                     𝑊 =
1
2
𝐶𝑖𝑗𝑘𝑙 𝑖𝑗 𝑘𝑙                              (4.7) 
Then 
                                                      𝑊 =
1
2
𝜎𝑖𝑗 𝑖𝑗    (4.8) 
 
For the 2D case, the equation can be written as: 






𝐶1111 11 11 +
1
2
𝐶1112 11 12 +
1
2
𝐶1121 11 21 +
1
2
𝐶1122 11 22 +
1
2
𝐶1211 12 11 +
1
2
𝐶1212 12 12 +
1
2
𝐶1221 12 21 +
1
2
𝐶1222 12 22 +
1
2
𝐶2111 21 11 +
1
2
𝐶2112 21 12 +
1
2
𝐶2122 21 22 +
1
2
𝐶2211 22 11 +
1
2
𝐶2212 22 12 +
1
2
𝐶2221 22 21 +
1
2
𝐶2222 22 22          (4.9) 
By using a strain symmetry to reduce the elastic constants: 
𝜎11 = 𝐶1111 11 + 𝐶1112 12 + 𝐶1121 21 + 𝐶1122 22                   (4.10) 
𝜎11 = 𝐶1111 11 + 𝐶1112 21 + 𝐶1121 12 + 𝐶1122 22                   (4.11) 
0 = (𝐶1112 − 𝐶1121) 12 + (𝐶1112 − 𝐶1121) 12                   (4.12) 
𝜎12 = 𝐶1211 11 + 𝐶1212 12 + 𝐶1221 21 + 𝐶1222 22                   (4.13) 
83 
 
𝜎12 = 𝐶1211 11 + 𝐶1212 21 + 𝐶1221 12 + 𝐶1222 22                   (4.14) 
0 = (𝐶1212 − 𝐶1221) 12 + (𝐶1212 − 𝐶1221) 12                   (4.15) 
𝜎21 = 𝐶2111 11 + 𝐶2112 12 + 𝐶2121 21 + 𝐶2122 22                   (4.16) 
𝜎21 = 𝐶2111 11 + 𝐶2112 21 + 𝐶2121 12 + 𝐶2122 22                   (4.17) 
0 = (𝐶2112 − 𝐶2121) 12 + (𝐶2112 − 𝐶2121) 12                   (4.18) 
𝜎22 = 𝐶2211 11 + 𝐶2212 12 + 𝐶2221 21 + 𝐶2222 22                   (4.19) 
𝜎22 = 𝐶2211 11 + 𝐶2212 21 + 𝐶2221 12 + 𝐶2222 22                  (4.20) 
0 = (𝐶2212 − 𝐶2221) 12 + (𝐶2212 − 𝐶2221) 12                  (4.21) 
From the simplification above, these elastic constants seem to be equal, 
𝐶1112 = 𝐶1121,       (4.22) 
𝐶1212 = 𝐶1221,            (4.23) 
𝐶2112 = 𝐶2121                            (4.24) 
 𝐶2212 = 𝐶2221                                (4.25) 
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In addition, by assuming a stress symmetry: 
𝜎12 = 𝐶1211 11 + 𝐶1212 12 + 𝐶1221 21 + 𝐶1222 22                 (4.26) 
𝜎21 = 𝐶2111 11 + 𝐶2112 12 + 𝐶2121 21 + 𝐶2122 22               (4.27) 
𝜎12 = 𝐶1211 11 + 𝐶1212 12 + 𝐶1221 12 + 𝐶1222 22              (4.28) 
𝜎21 = 𝐶2111 11 + 𝐶2112 12 + 𝐶2121 12 + 𝐶2122 22               (4.29) 
𝐶1211 11 + 𝐶1212 12 + 𝐶1221 12 + 𝐶1222 22 − (𝐶2111 11 + 𝐶2112 12 + 𝐶2121 12 + 𝐶2122 22) = 0    (4.30) 
(𝐶1211 − 𝐶2111) 11 + (𝐶1212 + 𝐶1221 − 𝐶2112 − 𝐶2121) 12 + (𝐶1222 − 𝐶2122) 22 = 0   (4.31) 
Then, from the simplification above, these elastic constants seem to be equal, 
𝐶1211 = 𝐶2111                (4.32) 
𝐶1222 = 𝐶2122                      (4.33) 
Finally, it can be verified that  
 𝐶𝑖𝑗𝑘𝑙 = 𝐶𝑖𝑗𝑙𝑘                          (4.34) 
Then the strain energy function would be: 
       𝑊 =
1
2
𝐶𝑘𝑗𝑖𝑙 𝑘𝑙 𝑖𝑗 =
1
2
𝐶𝑖𝑗𝑘𝑙 𝑖𝑗 𝑘𝑙                     (4.35) 
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 𝐶1111 𝐶1122 𝐶1133
𝐶2211 𝐶2222 𝐶2233
𝐶3311 𝐶3322 𝐶3333
√2𝐶1123 √2𝐶1113   √2𝐶1112   
√2𝐶2223 √2𝐶2213   √2𝐶2212   
√2𝐶3323 √2𝐶3313   √2𝐶3312
√2𝐶2311 √2𝐶2322  √2𝐶2333
√2𝐶1311 √2𝐶1322 √2𝐶1333
√2𝐶1211 √2𝐶1222 √2𝐶1233
2𝐶2323 2𝐶2313   2𝐶2312 
2𝐶1223 2𝐶1313 2𝐶1312








   (4.36) 












0 0   0   
0 0   0   
0 0   0
0 0  0
0 0 0
0 0 0








               (4.37) 
 
4.2.2.2 Elastic-Plastic Bone Material Behavior 
By assuming that the bone material behavior is elastic plastic then 
𝑡 = 𝑒 + 𝑝                                        (4.38) 
Where 𝑡, εe, εp are total strain, elastic strain, and plastic strain, respectively, and for 
finding the strain in different directions 
   𝑘𝑙 = 𝑘𝑙(𝐸𝑙𝑎𝑠𝑡𝑖𝑐) + 𝑘𝑙(𝑃𝑙𝑎𝑠𝑡𝑖𝑐)                                (4.39) 
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4.2.2.3 Hyper Elastic Bone Material Behavior 
For hyper elastic materials, the strain energy function is written as: 
𝑊 = 𝑊[𝐼1(𝐶𝑖𝑗), 𝐼
2(𝐶𝑖𝑗), 𝐼
3(𝐶𝑖𝑗)]                           (4.40) 

























𝑎=1                        (4.41) 
𝐼2 = 𝐶𝑖𝑗 = 𝐶11 + 𝐶22 + 𝐶33 










































[𝐶11𝐶22 + 𝐶11𝐶33 + 𝐶22𝐶11 + 𝐶22𝐶33 + 𝐶33𝐶11 + 𝐶33𝐶22 − 𝐶21𝐶12 − 𝐶31𝐶13 − 𝐶12𝐶21 −












































































]               (4.45) 





𝐶11 + 𝐶22 + 𝐶33 0 0
0 𝐶11 + 𝐶22 + 𝐶33 0
0 0 𝐶11 + 𝐶22 + 𝐶33
]      (4.46) 
𝐼2𝛿𝑖𝑗 − 𝐶𝑖𝑗 = [
𝐶11 + 𝐶22 + 𝐶33 0 0
0 𝐶11 + 𝐶22 + 𝐶33 0









]      (4.47) 
𝜕𝐼2
𝜕𝐶𝑖𝑗
= 𝐼1𝛿𝑖𝑗 − 𝐶𝑖𝑗                          (4.48) 



































𝐶22𝐶33 − 𝐶23𝐶32 𝐶23𝐶31 − 𝐶21𝐶33 𝐶21𝐶32 − 𝐶31𝐶22
𝐶13𝐶32 − 𝐶12𝐶33 𝐶11𝐶33 − 𝐶13𝐶31 𝐶12𝐶31 − 𝐶11𝐶32
𝐶12𝐶23 − 𝐶13𝐶22 𝐶13𝐶32 − 𝐶11𝐶23 𝐶11𝐶22 − 𝐶12𝐶21
]     (4.50) 
From that the strain energy function 
𝑊 = 𝑊[𝐼1(𝐶𝑖𝑗), 𝐼
2(𝐶𝑖𝑗), 𝐼
















−1             (4.52) 
Then strain energy function can be written in terms of the principle stretches 
(𝜆1, 𝜆2, 𝜆3), as follows: 
𝑊 = 𝑊(𝜆1, 𝜆2, 𝜆3)                             (4.53) 
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Mooney-Rivlin and neo-Hookian models were used to describe the hyper-elastic 




2 = 1                                        (4.54) 






































(𝐶𝑖𝑖𝐶𝑗𝑗 − 𝐶𝑗𝑖𝐶𝑖𝑗) =
1
2
(𝐶11𝐶22 − 𝐶21𝐶12) +
1
2
(𝐶11𝐶33 − 𝐶31𝐶13) +
1
2
(𝐶22𝐶11 − 𝐶12𝐶21) +
1
2







(𝐶33𝐶22 − 𝐶23𝐶32)                                                 (4.56) 
For Varga hyperelasticity [31] strain energy function, 
𝑊 = 𝑊(𝜆1, 𝜆2, 𝜆3) = 𝜇1(𝜆1 + 𝜆2 + 𝜆3 − 3)              (4.57) 
   𝑊 = 𝑊(𝐼1, 𝐼2, 𝐼3) = 𝑐1(𝐼
1 − 3) + 𝑐2(𝐼
1 − 3)2 + 𝑐3(𝐼
1 − 3)3                     (4.58) 
The first three terms are written as: 
𝑊 = 𝑊(𝐼1, 𝐼2, 𝐼3) = 𝜇 [
1
2
(𝐼1 − 3) +
1
20𝑛
(𝐼1𝐼1 − 9) +
11
1050𝑛2
(𝐼1𝐼1𝐼1 − 27) + ⋯]         (4.59) 
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4.2.2.4 Anisotropic Material Properties Representation 
For anisotropic material, the elastic constant matrix can be written as: 








0 0   0   
0 0   0   
0 0   0  
0     0  0
0     0  0
0     0  0
𝐶44 0   0   
0 𝐶55 0   




                               (4.60) 
where,  
























𝐶44 = 𝐺23(𝜈21 − 𝜈31𝜈23)Υ = 𝐸2(𝜈12 − 𝜈13𝜈32)Υ
𝐶55 = 𝐺31(𝜈21 − 𝜈31𝜈23)Υ = 𝐸2(𝜈12 − 𝜈13𝜈32)Υ
𝐶66 = 𝐺12(𝜈21 − 𝜈31𝜈23)Υ = 𝐸2(𝜈12 − 𝜈13𝜈32)Υ
                           (4.61) 
Where E, G, and 𝜈 are Young’s modulus, shear modulus, and Poisson’s ratio. 
4.3 FINITE ELEMENT MODELING 
Finite element modeling and analysis of bone provides in depth understanding of bone 
mechanics which otherwise will be impossible to determine experimentally. The 3D bone 
models were created using MIMICS program. Secondly, Hounsfield Units (HU) were used 
to define the material properties. Third, the models and their material properties were 
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imported in Ansys program to perform the simulation. Fourth, loads and boundary 
conditions were defined to cope the daily walking gait cycle. Finally, meshing and 
simulations were performed to fully understand the bone mechanics. In general, von Mises 
stresses were investigated for all the 313 subjects and the results compared with respect to 
demography.  
 
4.3.1 Creating the Model 
To create a three-dimensional model for the bone, CT scans for femoral bone were 
imported into MIMICS 13.0 program, as shown in Figure (4.4). The model was divided 
into eight segments for which material properties assigned and boundary conditions 
applied. Finally, SolidWorks (Dassault Systèmes SolidWorks Corp., Concord, MA, USA) 
was used to modify the model.  
 
Figure 4.4 Creating the 3D model of the femoral bone using MIMICS 
91 
 
4.3.2 Material Definition 
Four material properties were assigned to the femoral bone model, which are elastic 
material properties, hyper- elastic material properties, elastic-plastic material properties, 
and anisotropic material properties. All the above material properties parameters were 
derived from the density of the bone. The same procedure that has been proposed by 
Hamandi & Goswami (Hamandi & Goswami, 2017) was used to find the modulus of 
elasticity, Poisson’s ratio, and shear modulus from the density of the bone depending on 
Hounsfield units. For the anisotropic material properties, ten material groups were created 
for each segment of the bone model. This procedure is very important to provide more 
realistic approximations for the trabecular bone. Mimics program was used to find the 
Hounsfield units (Figure 4.5) across the CT scans of the femoral bone, as shown in Figure 
(4.6).  
 





Figure 4.6 Hounsfield units (HU) distribution across the femoral bone CT images 
 
The mathematical relationship between the density and Hounsfield’s units was 
imported into Mimics program to calculate the density, as follows: 
     𝜌 = 0.0000464 𝐻𝑈 + 1             (4.62)         
 After that, the mathematical relationship between the density and the modulus of 
elasticity was imported in Mimics. The mathematical relationships between the modulus 
of elasticity and shear modulus with density imported into Mimics, where different 
equations were used for the cortical bone and the cancellous bone segments. In addition, 
the table for all the calculated elastic constants is shown in Appendix (A).  
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Also, table (4.1) shows the material properties of the cortical and trabecular bone 
that have been imported into Ansys program for the elastic, elastic-plastic, and hyper-
elastic models. The Anisotropic relationships between elastic constants and density that 
were imported into Mimics are as follows, 


























Were Poisson Ratio 12=0.4, 23=0.25, 31=0.25 




























               Where 12=0.4, 23=0.25, 31=0.25, G12 max = 5.71 MPa, G23 max = 7.11 MPa, 
and G31 max = 6.58 MPa. 
 
Table 4.1 Material properties of the cortical and trabecular bone 
 Cortical Bone Trabecular Bone 
Young’s modulus (GPa) E = 2314ρ1.57 E = 1157ρ1.78 
Poisson’s Ratio 0.25 0.25 
Ultimate Tensile strength (MPa) 100 10 
Ultimate Compressive strength (MPa) 100 10 
Fracture strain (mm/mm) 1-3 5-7 
Toughness (MPa.m1/2) 2 - 
Hardness (Vickers) 50-100 - 
Shear modulus (GPa) 4959 - 
Ultimate Tensile strain (mm/mm) 0.0083 - 
Ultimate Compressive strain (mm/mm) 0.0083 - 




The meshing of the femoral bone model was performed into Ansys Workbench 
R19.1. Tetrahedral element was used in this analysis with 0.02 mm element size. The 
number of elements was 237190 ± 54758 and 400317 ± 76922 for the femoral models. 
Figure (4.7) shows the meshing of a model of normal Caucasian male ages 41 years old.  
 
 
Figure 4.7 Meshing with tetrahedral element 
 
4.3.4 Loads and Boundary Conditions 
To mimic the individual realistic loading during walking, the gait cycle loads (taken 
from HIP98® program) was applied as a time-dependent analysis along the bone 
longitudinal axis. The load was applied to the femoral head, while the femoral condyles 
were assumed fixed inferiorly. 
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4.3. RESULTS AND DISCUSSION 
4.3.1 The effect of different mechanical properties  
The analysis was performed using Ansys program for the same femoral bone but 
with four different material properties. The von-Misses stress for each of the four models 
was shown in Figure (4.8). The maximum von-Misses stress for the femoral bone was 
78.70, 81.67, 84.65 and 86.57 MPa for anisotropic, elastic, elastic-plastic and hyper-elastic 
material properties, respectively. Also, the results presented that the stresses were higher 
by 1.80% in the model with elastic properties, 3.60% in the model with elastic-plastic 
properties 4.70% in the model with hyper-elastic properties by the comparison with the 
anisotropic model. In addition, stress versus strain curves were plotted depending on the 
finite element analysis results for each model, as shown in Figures (4.9). The regression 
equations for the four models were provided also for each curve. A comparison between 





Figure 4.8 The von-Misses stress (MPa) of four femoral bone models with elastic, elastic-plastic, hyper-
elastic, and anisotropic material properties (from left to right) 
 





Figure 4.10 A comparison between the maximum von-Misses stresses for the four models 
 
4.3.2 The Effect of Age 
The impact of age on the density of the bone and eventually on the stress 
distribution and damage accumulation was investigated. Figure (4.11) shows that the 
density decreases as the age increases. Additionally, the results showed that the density is 
59.1% higher in young subjects than middle age subjects and 72.2% higher than older 
subjects. The bivariate fit shows the relation between density and age, as follows: 
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Figure 4.11 Bivariate Fit of Density by Age 
4.3.3 The Effect of Gender 
The impact of gender on the density of the bone and eventually on the stress 
distribution and damage accumulation was investigated. The results show that the mean 
density in female subjects was (0.6653613 ± 0.187628 g/cm3), and it was (0.9693199 
±0.1268695 g/cm3) in male subjects. Figure (4.12) shows that the density is higher in males 
than females with the same ages. Additionally, the results showed that the density is 50% 
higher in male subjects than female subjects. Student’s t test connecting letter report 
showed that there is a significant difference between male and female with 95% confidence 
interval, as shown in Appendix C. Cumulative damage failure (CFD) was investigated. 




Figure 4.12 Onaway Analysis of Density by Gender 
 
 
Figure 4.13 Cumulative damage failure (CFD) plot comparing both genders, where f=female, and m=male 
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4.3.4 The Effect of Race 
The impact of race on the density of the bone and eventually on the stress 
distribution and damage accumulation was investigated. The results showed that the 
density is 47.91 % higher in Black subjects than Mixed subjects, 53.27% higher than 
Caucasian subjects and 57.41% higher than Asian. Student’s t test shows that there are 
significant differences among different races with 95% confidence interval. Figure (4.14) 
shows that Cumulative damage failure is higher in Caucasian cases. In general, gender, 
race, and age showed significant effect on the damage distribution. 
 





Figure 4.15 Cumulative damage failure (CFD) plot comparing different races, where ai=Asian, b=Black, 
c=Caucasian, and m=Mixed 
4.3.5 The Effect of BMI, Weight, and Height 
The statistical analysis showed that the density increases as the BMI, weight, and 
height increase, as shown in Figures (4.16-4.18). The bivariate fit shows the relation 
between density and age, as follows: 
𝐷𝑒𝑛𝑠𝑖𝑡𝑦 = 0.6791666 + 0.0060304 × 𝐵𝑀𝐼 
𝐷𝑒𝑛𝑠𝑖𝑡𝑦 = 0.5729131 +  0.0015183 ×Weight 




Figure 4.16 Bivariate Fit of Density By BMI 
 




Figure 4.18 Bivariate Fit of Density by Height (feet, inches) 
 
4.3.6 The von Mises Stress 
The results of the finite element simulations were investigated and the effect of the 
anisotropic mechanical properties on the stress distribution (See Appendix D. The 
maximum von Mises stresses were compared with the density. Figure (4.19) shows that 
the maximum von Mises stresses increases as the density increases. The bivariate fit shows 
the relation between maximum von Mises stresses and density, as follows: 





Figure 4.19 Bivariate Fit of Density By Maximum von Mises Stress(MPa) 
 
4.4 CONCLUSION 
Quantifying and associating damage with in vivo conditions provides the required 
information to develop mathematical prediction models to potentially mitigate problems 
before they begin. Creating a realistic model for bone tissue can predict the premature 
failure(s), provide preliminary results before performing the surgery, and optimize the 
design of orthopaedic implants. The proposed method can be used to create a realistic bone 
model with anisotropic material properties used in customized diagnostic techniques or in 
navigation systems to provide accurate predictions pre-surgery. Additionally, Gender has 
a significant effect on the density of the bone. More precautions should be taken into 
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consideration for older females. Furthermore, Race should be considered during modeling 
implants or suggesting therapeutic techniques. Caucasian subjects have the least density 
than any other race with the same age and gender. In general, “age” is a significant factor 
and has an essential effect on the mechanical properties of the bone. The density and 
maximum von Mises stress decrease drastically in elderly, raising high stress shielding 
with high modulus materials such as steel alloys. Different therapeutic techniques should 




CHAPTER FIVE : CYCLIC DAMAGE MODELING 
The cephalomedullary (CM) nailing is used as a standard treatment for surgical 
stabilization of unstable intertrochanteric and subtrochanteric proximal femoral fractures. 
The purpose of this study was to evaluate the risk of periprosthetic fracture of constructs 
made with long and short nails. The nails were made with titanium alloy (Ti-6Al-4V) and 
stainless steel (SS 316L). As a part of rehabilitation, partial or full load bear causes cyclic 
loads, therefore it is very important to estimate the damage accrued as a result of cycling. 
The damage was modeled mathematically with stiffness drop as cycling progressed in the 
construct. Three frame works were carried out through this investigation, which are 
Michaelis-Menten modeling, phenomenological modeling, and probabilistic Monte Carlo 
simulation. Damage accumulation resulting from bi-axial cyclic loading in terms of 
construct stiffness was represented by Michaelis-Menten equation, and the statistical 
analysis demonstrated that one model can explain the damage accumulation during cyclic 
load for all four groups of constructs (p=0.64). A probabilistic model, showing the relation 
between construct stiffness with gender and age was developed. This research comprised 
of twenty-eight pairs of cadaveric femora that were randomized and implanted with four 
types of fixation CM nails resulting in 4 groups. These constructs were cyclically tested in 
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bi-axial mode for up to 30,000 cycles. All the samples were then loaded to failure to 
measure failure loads. A two stage stiffness drop was observed, stage I, where the majority 
of stiffness reduction occurs, took place within the first 1,000 cycles, and forces applied 
did not produce a significant change in torsional stiffness and stage II, in which a steady 
state stiffness decline occurred for remainder of the 29,000 cycles. In general, the short 
stainless steel had a significantly higher average damage (0.94) than the short titanium nails 
(0.90, p = 0.023).  Furthermore, long titanium nail group did not differ substantially from 
the short stainless steel nails (p = 0.063). Results showed gender had a significant effect on 
load to failure in both torsional and bending tests (p=0.025 and p<0.001, respectively). This 
investigation, using Kaplan-Meier survival analysis supports the use of short titanium CM 
nail. We recommend that clinical decision should take age and gender into consideration 
in the selection of implants. 
5.1 INTRODUCTION 
Nearly 30% of the population between the ages of 70 to 75 years experiences a femoral 
fracture (Johnell and Kanis, 2006). This rate is projected to double by 2040 as population 
in this age group increases (CDC, 2018). Approximately 65 million patients in the USA 
age 60 and older suffer from bone diseases that lead to fractures (RCP, 2017). The 
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cephalomedullary (CM) nailing is standard treatment for surgical stabilization of proximal 
femur fractures, using either a long or a short CM nail depending on where the fracture 
occurs subtrochanteric or intertrochanteric, respectively. The CM nails have different 
shapes, sizes, number of screws needed to lock the construct, and insertion methods 
specified by manufacturers. In the late 80s, the short nail was introduced, then a long nail 
that ends at the supracondylar region was introduced (Bong et al., 2006).  
The CM nail has been featured in literature describing the clinical outcomes for 
long (Kane et al., 2014) (JIN et al., 2018) and short (Kwak et al., 2018) (El-Dessokey & 
Mohammed, 2013) nails in general (Okcu et al., 2013) (Vaughn et al., 2015). Okcu et al. 
(Okcu et al., 2013) compared between 15 short nails versus 18 long nails and indicated that 
the time of the operation was longer in the fixation with long nails, though they needed 
shorter follow up. Kleweno et al. (Kleweno et al., 2014) performed a retrospective study 
on 219 short nails versus 340 long nails and demonstrated that failure rates were similar 
for both nails in older patients (> 65). Another retrospective study performed by Hou et al. 
(Hou et al., 2013) on 183 long and 100 short nails indicated that long nails needed more 
operation time with high blood loss while a delayed union was observed on short nails. 
Additionally, they concluded that the benefits were similar for short and long nails in older 
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patients. Boone et al. (Boone et al., 2014) performed a retrospective study on 82 short and 
119 long nails and indicated that long nails operations needed more time while there were 
no other significant differences. Vaughn et al. (Vaughn et al,. 2015) demonstrated that short 
nails had significantly higher risks than long nails. In general, short nails pros represented 
by simple insertion while thigh pain and distal fracture are the main cons. On the other 
hand, the mechanical benefits are the main pros of long nails while long operation time and 
high radiation exposure are the main cons.  
From a biomechanical perspective, investigating short and long nails was reported 
by Marmor et al. (Marmor et al., 2015) and concluded that the nail design does not have 
significant effects. Nevertheless, it is important to point that their work was based on 
synthetic bone that neglects the demographical factors. In their study, they tested synthetic 
bone for ten cycles at 0.2 Hz and loaded to failure, and they reported the results only in 
axial condition. The cyclic behavior of the bone and the bone-nail construct depends on 
how the load was applied, uniaxial versus biaxial (Schneider et al., 2001). After the surgery, 
the bone-construct experiences a combined compression and torsion type of loading 
(Schneider et al., 2001). Therefore, it is important to design experiments that simulate 
conditions experienced in vivo. Since the stiffness has been related in the literature to have 
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an effect on the life of the construct (Schmidt et al., 2013) (Bottlang et al., 2010) (Nanavati 
& Walker, 2014), we used stiffness as a controlling parameter in assessing the construct 
behavior.  
 The objective of this study was to perform biomechanical evaluation of CM nailed 
constructs under biaxial cyclic loading for up to 30,000 cycles, experimentally determine 
damage in terms of stiffness, and develop prediction models. The risk of periprosthetic 
fracture of long versus short nails using titanium and stainless-steel materials, in 4 groups, 
was determined for each gender probabilistically. 
 
5.2. METHOD 
5.2.1 Cadaver Bones Preparation 
The experimental work was performed at the biomechanics laboratory located at 
Miami Valley Hospital in Dayton, OH. Similar procedure was previously performed on 
synthetic femurs to investigate different types of fixation (Goswami et al., 2011). In this 
study, twenty-eight pairs of cadaveric femurs were harvested.  Each pair of femurs was 
randomized to receive a fixation with either an intramedullary hip screw (IMHS) short 
stainless steel nail (7 pairs), intramedullary hip screw long stainless steel nail (7 pairs), 
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TRIGEN™ INTERTAN™ intertrochanteric antegrade short titanium nail (7 pairs) or 
TRIGEN™ INTERTAN™ intertrochanteric antegrade long titanium nail (7 pairs), all 
manufactured by Smith and Nephew, Memphis, TN. The details of the devices are 
displayed in (table 5.1) and shown in (Figure 5.1). 
Table 5.1 details of the intramedullary hip screw nails used in the experiment and group numbers 
Device Length Material Company No. of devices 
Long #1 Stainless steel (SS 316L) Smith and Nephew 7 Pairs 
Short #2 Stainless steel (SS 316L) Smith and Nephew 7 Pairs 
Long #3 Titanium alloy (Ti-6Al-4V)  Smith and Nephew 7 Pairs 
Short #4 Titanium alloy (Ti-6Al-4V)  Smith and Nephew 7 Pairs 
 
 
Figure 5.1 Organization and test plan for each pair of femurs 
Cadavaric Femurs
(28 Pairs)
Stainless steel (SS 316L) 
nail
(14 Pairs)
Intramedullary hip screw 
(IMHS) long nail
(7 pairs) #1

















5.2.2 Biomechanical Testing Procedure 
The testing was performed by an EnduraTEC servopneumatic machine (Smart Test 
SP-AT).  One side of each pair was tested in simultaneous axial compression at 700N to 
simulate single-leg stance. Torque produced during walking was simulated by applying  
5Nm (Taylor & Walker, 2001) for 30,000 cycles at 2Hz. Axial compression was applied 
at the head while torque was applied at the distal end. At the end of cyclic fatigue tests, the 
femur was gripped at the head and the distal end and loaded to failure (Figure 5.2).  
      
   (a)     (b) 
Figure 5.2 (a) Testing set-up for a single-leg stance with torque applied at the distal end of the femur, (b) 




 The matched pair was tested in four-point bending at 830N to simulate the moment 
produced during walking (Taylor & Walker, 2001) for 30,000 cycles at 2Hz, and then 
loaded to failure by the same mechanism.  This testing was performed by applying the load 
to the center of the femoral shaft on the medial side (Figure 34).  Stiffness, energy change, 
and load-to-failure were analyzed to identify any difference between the 4 groups. 
 
5.2.3 Statistical Analysis 
The statistical analysis was performed with JMP®14 (SAS Institute Inc., NC, USA) 
and MATLAB R2019a (Natick, Massachusetts: The MathWorks Inc.) programs. The 
stiffness, load to failure, number of cycles to failure, and damage accumulation were 
documented for each construct. One-way analysis of variance (ANOVA) with a statistical 
significance set at a p-value < 0.05 was performed. Paired Student’s t -test was used to 
evaluate the significant differences between the four groups of CM nail fixation with 
respect to age, gender, length, and material properties. Kaplan-Meier analyses were 




The results were summarized in (Table 5.2) showing the age, bone mineral density (BMD), 
initial stiffness, final stiffness, load to failure at torsion and bending for different genders 
for all the four groups. BMD was measured using dual energy X-ray absorptiometry, for 
each bone and values entered in Table 5.2.  It can be seen that the density for male cases 
were 1.10411175 ± 0.3741035 and 0.870588667 ± 0.190086667 for female cases. 
5.3.1 Torsional Test 
The mean torsional load to failure of long titanium and stainless-steel nail groups 
were 76.29 ± 20.23 and 56.11 ± 24.11 Nm, respectively. In the short nails, the mean load 
to failure of titanium group and stainless-steel group were 40.74 ±15.05 and 56.25 ±23.53 
Nm, respectively. In general, the long titanium group had a significantly higher average 
load-to-failure than the short titanium (p = 0.0074).  Additionally, there was no significant 
difference in average load-to-failure between long titanium group and stainless-steel 
groups (p= 0.11) regardless of the length, as shown in (Figure 5.3). These failures occurred 





Table 5.2 Summary of demographics and biomechanical results of the four groups, n, number of samples; 
SD, standard deviation; BMD, bone mineral density 
Variable Type of CM nail group 
 
Long Stainless Steel 
Group #1 






 (n= 14)  (n= 14) (n= 14) (n= 14) 
 Mean ± SD Mean ± SD Mean ± SD Mean ± SD 
Age, y 73.57 ±12.86 77.86 ±13.30 75.86 ± 8.25 74.29 ±11.07 
Male 72.50 ±13.60 69.50 ±13.50 75.86 ±8.25 74.50 ±10.50 
Female 80.00 ±0.00 81.20 ±11.65 - 74.20 ±11.29 
Initial Stiffness, N/mm 9731.39 ±2867.89 6794.27 ±2671.34 8217.51 ±4520.05 12535.97 ±6124.35 
Male 10310.87 ±2691.65 10371.00 ±146.00 8217.51±4520.05 9108.50 ±4773.50 
Female 6254.50 ±0.00 5363.58 ±1678.66 - 13906.96 ±6067.74 
Final Stiffness, N/mm 675.75 ±225.22 629.84 ±262.64 655.33 ±343.37 699.77 ±291.25 
Male 705.58 ±230.11 930.46 ±204.24 655.33 ±343.37 490.89 ±66.86 
Female 496.80 ±0.00 509.60 ±171.12 - 783.33 ±304.20 
Load to Failure       
      At Torsion, Nm 56.11 ±24.11 56.25 ±23.53 76.29 ±20.23 40.74 ±15.05 
Male 59.35 ±24.60 73.64 ±24.98 76.29±20.23 39.58 ±10.56 
Female 36.70 ±0.00 49.29 ±18.87 - 41.20 ±16.48 
    At Bending, N 8823.47 ±2389.71 5071.17 ±3240.29 10095.44 ±1825.06 6245.91 ±2273.03 
Male 8480.23 ±2416.15 9594.50 ±1644.50 10095.44 ±1825.06 8686.35 ±2363.65 
Female 10882.90 ±0.00 3261.84 ±1469.57 - 5269.74 ±1289.72 
    BMD,  g/cm2       
Male 1.090209 ± 0.427653 1.35863 ± 0.578838 0.995228 ± 0.254783 0.97238 ± 0.23514 
Female 0.804649 ± 0.00 0.833997 ± 0.24978 - 0.97312 ± 0.32048 
Cadaveric femurs with no device, load to failure, N [30] 
Male 4866 ±1447.6 






  (b)          (c) 
Figure 5.3 (a) Load to failure (LTF) in the four groups of CM nail fixation in torsion, (b) load to failure 




Figure 5.4 Failure at the distal screw due to torsion 
               
5.3.2 Bending Test 
Similar results were found when the matched pair was tested in four-point bending.  
The mean load to failure of long titanium and stainless-steel groups were 10,095.44 ± 
1,825.06 and 8,823.47 ± 2,389.71 N, respectively. In the short nails, the mean load to 
failure of titanium group and stainless-steel group were 6,245.91 ± 2,273.03 and 5,071.17 
± 3,240.29 N, respectively. In general, the load to failure using long titanium and stainless-
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steel nails were approximately 160% higher than the short nails.  Furthermore, the bending 
strength of long titanium nails were significantly higher than the short titanium nails (6,246 
Nm, p = 0.013).  Long stainless-steel nails did not differ substantially from the short 
titanium nails when loaded to failure in bending (p = 0.085).  Length of the nail and gender 
had significant effects on the average load to failure in bending for all the four groups 
(p=0.0008 and p<0.001, respectively), as shown in Figure (5.5). Failures in four-point 
bending constructs occurred along the shaft distal end of the nail, oblique, however, cracks 
running perpendicular to the loading direction as shown in Figures (Figure 5.6). 
Kaplan-Meier survival analysis, Fig. 39, shows the differences between the number of 
cycles to failure in the four groups. There is no significant difference between the four CM 
fixation groups. Additionally, 20% of the fixation with the four groups was estimated to 
survive 30,065 cycles. Only 10% of the fixation with short titanium nails survived 30,070 







   
   (b)       (c) 
Figure 5.5 (a) Load to failure in the four groups of CM nail fixation in bending, (b) load to failure versus 





Figure 5.6 Failure along the shaft due to bending 
 
 
Figure 5.7 Kaplan-Meier survival analysis indicating no significant difference between the four CM 




5.4. DAMAGE ACCUMULATION  
5.4.1 Using Michaelis-Menten Model 
In order to achieve clinical relevance in the biomechanical testing of a bone and 
implant construct, current research protocols utilize high numbers of cycles to simulate 
months of use after a device has been implanted.  For instance, average number of steps 
waled during a typical year is assumed to be one million.  Therefore, assuming 20,000 steps 
per week will translate to 80,000 fatigue cycles per month for the femur construct.  The 
majority of femur studies fall somewhere within this range of fatigue cycles.  In order to 
help choosing an appropriate number of cycles to attain clinical relevance, it is important 
to understand the fatigue mechanism the bone/construct should resist.  During the initial 
load bear, the construct undergoes stiffness changes, where early cyclic action results in 
higher stiffness drop. When the stiffness behavior is modeled with respect to fatigue cycles; 
we observe the following behavior: 
Stage I: upon execution of cyclic fatigue, majority of the stiffness reduces, observed 
within the first 1,000 cycles (Figure 5.8).  Forces applied did not produce a significant 
change in torsional stiffness.  Figure 8 shows this stiffness reduction during torsional cyclic 
load with constant axial load for each of the 4 implant types.  Stiffness reduction for all 
implant groups was very similar supporting that the change in stiffness is due to the 
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material properties of the bone and not due to the effect of the implant.  The general trend 
of stiffness reduction for all of the constructs is shown in Figure 5.8. 
Stage II: once stage I concluded, the stiffness drop with respect to number of cycles 
achieves a plateau and shows a steady state behavior from 1000 cycles to the end of the 
cyclic life, 30,000 cycles, Figure 40. This behavior can be represented by a power law 
equation. Therefore, the 2-stage stiffness drop, presents a potential parameter in which to 
represent damage, that accrues at different rates. Together this behavior can be modeled 
via Michaelis and Menten model, used in this study.  
 
         (a)                       (b) 
Figure 5.8 (a) Comparison of axial stiffness reduction between nail types during cyclic loading and (b) 
General model of axial stiffness reduction during cyclic loading 
 
































































In order to analyze the damage accumulation, damage (D) was defined as: 
    𝐷 = 1 − (
𝜉𝐴
𝜉𝑂𝐴
)        (5.1) 
Where 𝜉𝐴 is the instantaneous axial stiffness and 𝜉𝑂𝐴 is the original axial stiffness. 
Figure 5.9 shows damage accumulation during torsional cyclic load with constant 
axial load for each of the 4 implant groups.  A composite damage accumulation model for 
all 4 construct groups is shown in Figure 5.9. 
The mean initial stiffness of long titanium and stainless-steel groups were 8,217.51 
± 4,520.05 and 9,731.39 ± 2867.89 N/mm, respectively. In the short nails, the mean initial 
stiffness of titanium and stainless-steel groups were 12,535.97 ± 6,124.35 and 6,794.27 ± 
2671.34 N/mm, respectively. On the other hand, the average final stiffness of long titanium 
and stainless-steel groups were 655.33 ± 343.37 and 675.75 ± 225.22 N/mm, respectively. 
In the short nails, the mean final stiffness of titanium group and stainless-steel group were 
699.77 ± 291.25 and 629.84 ± 262.64 N/mm, respectively. In general, the short titanium 
had a significantly higher average initial stiffness than the short stainless-steel nails (p = 
0.023).  Furthermore, long stainless-steel nails did not differ substantially from the long 
and short titanium nails (p = 0.55 and p=0.88, respectively), as shown in Figure 5.10.   
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The damage (calculated by applying equation 1) at the end of 30,000 cycles, of long 
titanium and stainless-steel groups were 0.92 ± 0.02 and 0.93 ± 0.01, respectively. In the 
short nails, the mean damage of stainless-steel group and titanium group were 0.94 ± 0.02 
and 0.90 ± 0.04, respectively. In general, the short stainless steel had a significantly higher 
average damage (0.94) than the short titanium nails (0.90, p = 0.023).  Furthermore, long 
titanium nail group did not differ substantially from the short stainless-steel nails (p = 
0.063), as shown in Figure 5.11.   
 
       (a)              (b) 
Figure 5.9 (a) Comparison of damage accumulation between nail types during cyclic loading and (b) 
General model of damage accumulation during cyclic loading 
 
 




















































       (a)              (b) 
Figure 5.10 (a) Initial stiffness and (b) final stiffness in the four groups of CM nail fixation 
 
 





The damage accumulates by Stage I and Stage II process mechanisms.  These two 




      (5.2) 
Where, 




Two values are found from this model, including Dmax and Km. The maximum 
damage that is approached and the number of cycles at half the maximum damage is listed 
in Table 5.3.  The graphs of these models for each of the nail types and the composite 
model are shown in Figure 5.12. Since fracture union likely takes place in approximately 
14-15 weeks, and from 6th week post-surgery rehab exercises allow partial to full load-bear 
and walking, allowing the construct to accrue damage cyclically. Literature has incidence 
of premature device failures post-surgery during the 15 weeks (Lewallen & Peterson, 1985) 
(Jain et al., 2004), there is a need to understand how damage accrues with number of cycles. 
Figure 5.12 shows that damage accumulation occurs at high rates from the start of cyclic 
activity. These design charts will be very useful in the design of devices and in the pre-
planning of the surgery allowing rehab activities.    
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Short stainless-steel nail group showed the highest mean damage accumulation 
compared to the other three groups. On the other hand, short titanium group showed the 
least mean damage accumulation. Despite the nonsignificant difference in damage 
accumulation with respect to genders in the four groups (p = 0.64), results showed gender 
had a significant effect on load to failure in both torsional and bending tests (p = 0.025 and 
p < 0.001, respectively), as shown in Figure 5.13.  
Even though no significant difference was observed in damage accumulation 
results when age was the factor, there are two points that need to be considered. All the 
groups showed high load to failure in both torsional and bending tests and eventually higher 
damage accumulation when patients ages were greater than 60 years except for group #3. 
Secondly, this group also showed higher load to failure and damage accumulation with 
lower than 60 years of age with higher BMD, that makes it more susceptible to failure 
compared to other fixation groups, as shown in Figure 5.14. 
The applicability of the prediction model to represent experimental data was 
determined statistically. The analysis demonstrated that one model can predict the damage 
accumulation during cyclic loading for the experimental nailing fixation for all 4 groups. 
Figure 5.15 shows the predicted versus experimentally obtained damage in short and long 
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nail groups. The residuals are within the 95% confidence interval, thus can be used in the 
design of such implant systems. Therefore, the prediction tool used to model the damage 
development is applicable to all the four groups tested experimentally with the long and 
the short nails. In addition, table 5.4 shows the statistical results for each type of fixation. 
For the four groups, the damage found experimentally was compared with predicted data, 
as shown in Figure 5.16. 
 
Table 5.3 Dmax and Km for each of the nail types and the general model 
Model Dmax (95% CI) Km (95% CI) cycles 
Short IMHS Model 0.8966 (0.8966,0.8973) 157.7421 (154.7437,160.7405) 
Short Intertan Model 0.9320 (0.9313, 0.9326) 130.9694 (128.5128, 133.4260) 
Long IMHS Model 0.9247 (0.9241, 0.9253) 126.8628 (124.7498, 128.9758) 
Long Intertan Model 0.9115 (0.9109, 0.9121) 129.8156 (127.6443, 131.9868) 





Figure 5.12 Fitted model of short IMHS nail data. Fitted model of short Intertan nail data. Fitted model of 




Figure 5.13 Damage vs gender 
 
 




Figure 5.15 The difference between the experimental data and the predicted data for each type of internal 





Table 5.4 The statistical results for each type of fixation showing that there is no significant difference 
between the experimental and predicted damage models 
Fixation F- test P-Value R square 
Short IMHS 0.0815 0.7753 0.000147 
Short Intertan 0.07345 0.7645 0.000542 
Long IMHS 0.0983 0.8104 0.000285 
Long Intertan 0.0633 0.7863 0.000348 
 
 




5.4.2 Damage Accumulation - Phenomenological Model 
A Regression model was developed for bone damage accumulation with respect 
to axial stiffness and bone mineral density using MATLAB (See Appendix E for code). 
The regression model is: 
𝐷 = 0.9289 − (0.01102 𝜉𝐴) + (0.03407 ρ) − (0.002818 𝜉𝐴
2) + (0.02271𝜉𝐴 ρ) − (0.01311𝜌
2)
+ (0.007985 𝜉𝐴
3) − (0.01276 𝜉𝐴
2 𝜌) − (0.005523 𝜉𝐴𝜌
2) 
Where 𝐷 denotes the damage accumulation of the bone, 𝜉𝐴 is the axial stiffness, 
and ρ is the bone mineral density, with   SSE: 0.01478, R-square: 0.8079, Adjusted R-
square: 0.80164, and RMSE: 8.0278. This model can be used to predict the damage 
accumulation of the bone with respect to different bone densities. Figure 5.17 illustrates 
the sensitivity plot demonstrating the relation between stress, strain, and orientation angle. 
 
Figure 5.17 The sensitivity plot demonstrating the relation between damage, density, and stiffness 
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A comparison between the prediction profiler of damage accumulation with respect 
to load to failure in both bending and torsion was performed and found to be a function of 
stiffness parameters and density. Figure 5.18 shows the Bivariate Fit of damage by density, 
and illustrates that damage increases as the density decreases. The bivariate fit of damage 
by density was represented for each type of nail fixation and for both genders (See 
Appendix F). The prediction expression of damage accumulation with respect to load to 
failure in bending is as follows: 
𝐷 = 0.9103777 +  7.4881 × 10−6  ξ𝐴𝑂 + 0.000115 ξ𝐴
+ 2.3889  ×  10−9  ×  (ξ𝐴𝑂 − 9342.54)  ×  (ξ𝐴 − 666.527) +  5.2145 × 10
−7 × ℒ𝐵
+ 5.8711 × 10−9 × (ξ𝐴 − 666.527) × (ℒ𝐵 − 7575.03) +  0.012709 ρ
+ 4.968 × 10−6 × (ℒ𝐵 − 7575.03) ∗ (ρ − 1.00227) 
Where 𝜉𝐴 is the instantaneous axial stiffness, 𝜉𝑂𝐴 is the original axial stiffness, ρ is the 
bone mineral density and ℒ𝐵 is load to failure in bending. Additionally, the prediction 
expression of damage accumulation with respect to load to failure in torsion is as follows: 
𝐷 = 0.9277815 + 6.6888 × 10−6  ξ𝐴𝑂 + 0.0001ξ𝐴 + 0.000161 ℒ𝑇 + 6.8528 × 10
−8 (ξ𝐴𝑂 − 9342.54) ∗ (ℒ𝑇
− 57.5791 + 1.046 × 10−6(ξ𝐴𝑂 − 666.527) ∗ (ℒ𝑇 − 57.5791) + 0.0077548 ρ
+  0.0003459 (ℒ𝑇 − 57.5791) ∗ (ρ − 1.00227)  
136 
 
Where 𝜉𝐴 is the instantaneous axial stiffness, 𝜉𝑂𝐴 is the original axial stiffness, ρ is the 
bone mineral density and ℒ𝑇 is load to failure in torsion. 
 
Figure 5.18 Bivariate fit of final damage by density 
 
5.4.3 Damage Accumulation – Using Probabilistic Monte Carlo Simulation 
The Monte Carlo simulations were performed in JMP®14 to produce a set of 500 
random variables that are lognormally distributed about a mean and standard deviations 
(shown in Figure 5.19). In this study, we assumed that each damage mode had a lognormal 
distribution with damage. For a given group, the percentile of the damage determines the 
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probability of failure. The simulation shows that group #2 is more susceptible to failure 
while group #4 the least susceptible to failure. A MATLAB code was written to compute 
the probability of failure. The output data for each group type was plotted in terms of actual 
values versus the probability of failure using JMP®14 software (Figure 5.20). Based upon 
this analysis we observe that higher probability of failure in experimental data occurs at 
achieving 50-60% of the life (15,000-18,000 cycles). The damage at this life is 0.5 with 
70% probability that failure may occur. This should be used as a criterion in preparing the 
constructs with the given nailing systems. Additionally, the parameter estimates for each 
CM nail type are shown in table 5.5. Finally, the probability of failure was compared with 
age for both genders (Figure 5.21). The comparison illustrates that the construct probability 
of failure increases for the age group 70-90 years old for both genders. 
 
Figure 5.19 Damage accumulation for each CM nail through Monte Carlo simulations for 500 variables 
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Table 5.5 Parameter estimates (lognormal distribution) for each CM nail type 
Nail Type Type Parameter Estimate Lower 95% Upper 95% 
Short IMHS Scale μ -0.101396 -0.1051 -0.097693 
Shape σ 0.0421743 0.0396895 0.0449297 
Long IMHS Scale μ -0.072152 -0.073184 -0.07112 
Shape σ 0.0117475 0.0110553 0.012515 
Short Intertan Scale μ -0.066275 -0.068241 -0.06431 
Shape σ 0.022378 0.0210595 0.02384 
Long Intertan Scale μ -0.08763 -0.089573 -0.085687 
Shape σ 0.0221228 0.0208194 0.0235682 
 
 
Figure 5.20 A lognormal distribution curves for each CM nail damage through Monte Carlo simulations 




Figure 5.21 Probability of Failure vs age for CM nail through Monte Carlo simulations for 500 variables 
for male (M) and female (F) 
 
5.5. DISCUSSION 
To the best of our knowledge, this study is the first study comparing cephalomedulary nails 
that takes into consideration length, material, age, and gender parameters for the internal 
fixation of femoral fractures. This study was designed to investigate the effect of dynamic 
stiffness under cyclic loading and that stiffness reduces abruptly with cycles for about 1000 
cycles, then stabilizes and achieves a plateau. Additionally, three frame works were carried 
out through this investigation, which are Michaelis-Menten modeling, phenomenological 
modeling, and probabilistic Monte Carlo simulation. As mentioned previously (section 
5.1), short nails have several advantages over long nails represented by shorter operation 
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time that is beneficial for patients with multiple trauma, special anesthesia requirements, 
or patients with severe medical conditions. Literature showed that long and short CM nails 
had similar benefits for older patients (>65) despite the biomechanical differences 
(Kleweno et al., 2014) (Hou et al., 2013) (Boone et al., 2014). We found significant 
differences between short titanium group #4 and other CM groups #1-3. Additionally, we 
found that gender had a significant effect on damage accumulation in groups 2 and 4, 
respectively. 
We assumed that titanium and stainless-steel nails are biomechanically different, 
and age and gender could offer significant effects on the damage accumulation.  Nail design 
does not have significant effects clinically (Marmor et al., 2015). However, their work was 
based on synthetic bones. Performing the study on cadaver femur has its advantages in 
observing the demographical factors and their effects on damage accumulation. It is 
noteworthy that, despite some studies focused on biomechanical characterization of CM 
nail for femoral fractures, limited information is available on cyclic fatigue damage 
accumulation in femoral bone as a result of partial/full-load bear.  
We found that group #3 had significantly higher load-to-failure than the group #4 
when loaded to failure in torsion. Additionally, there was no significant difference in 
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average load-to-failure between groups #1 and 3 regardless of the length. Long stainless-
steel nails (#1) did not differ substantially from the short titanium nails (#4) when loaded 
to failure in bending. Furthermore, length and gender had significant effects on the average 
load to failure in bending for all the four groups. Analysis of the stiffness shows that stage 
I of cyclic fatigue, where the majority of stiffness reduction occurs, is completed within 
the first 1,000 cycles and the forces applied did not produce a significant change in torsional 
stiffness. Kaplan-Meier analysis indicated that there is no significant difference between 
the four CM fixation groups and only 20% of the fixation with the four groups is estimated 
to survive after 30,065 cycles. In general, bone with no device had x-2.64 lower load to 
failure than the bone with long nail constructs and x-1.79 lower than the bone with short 
nail constructs. 
Group #2 indicated the highest mean damage accumulation compared to the other 
three groups. On the other hand, Group #4 showed the least mean damage accumulation 
using the three frameworks in which damage accumulation was modeled. Despite the 
nonsignificant differences in damage accumulation with respect to gender in the four 
groups, results showed gender had a significant effect on load to failure in both torsional 
and bending tests. Even though no significant difference was observed in damage 
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accumulation results when age was the factor, Group #3 showed higher load to failure and 
damage accumulation with ages younger than 60 years were more susceptible to failure 
compared to other fixation groups. Michaelis-Menten model was found to be applicable to 
all 4 groups of testing, where the composite model developed here can predict the damage 
development in femoral constructs and delay load bear if needed.  Figure 5.22 shows the 
contour of the sensitivity plot showing that composite model is able to predict damage in 
all 4 groups.  
 
 





While this study is the first study that observes damage accumulation of different 
fixation devices using cadaver bone samples and considering age and gender factors, some 
limitations were encountered. The male and female bone samples have not been distributed 
evenly between the four groups because the samples were randomized to receive fixation 
regardless of gender. Because of that, long titanium had only male sample and was 
excluded from the evaluation of gender factor on damage accumulation. 
The Monte Carlo simulations produced a set of 500 random variables that are 
lognormally distributed about a mean and standard deviations. The simulation shows that 
short titanium CM nail is the least susceptible to failure and short stainless steel is the most 
susceptible to failure. The probability of failure was compared with age for both genders. 
The comparison illustrates that the device probability of failure increased for the age group 
70-90 years old for both genders with higher probability to failure. 
Our study illustrates the efficacy of short titanium CM nails, group #4, compared 
to short stainless steel, long titanium, long stainless-steel nails for femoral fixation and the 
effect of age and gender on damage accumulation.  We recommend that clinical decision 





In vitro biomechanical models offer insights in understanding the underlying mechanisms 
of injury and dysfunction, leading to improved prevention, diagnosis, and treatment of bone 
problems. Analysis of the stiffness shows that stage I of cyclic fatigue, where the majority 
of stiffness reduction occurs, is completed within the first 1,000 cycles, and forces applied 
did not produce a significant change in torsional stiffness. Our investigation supports the 
use of short titanium CM nail, as Kaplan-Meier survival analysis illustrated that this nail 
type is the least susceptible to failure for the fixation of femoral fractures when the use of 
long or short nails is possible. Our analysis demonstrated that the clinical decision should 
take age and gender into consideration before the implant selection is made. Mathematical 
models and regression equations would be beneficial in developing a novel procedure to 




CHAPTER SIX : DAMAGE IN FAILED CASES 
Several failure analyses of medical fixation devices will be investigated to understand the 
mechanical and clinical causes for failure and how bone pathology could have affected the 
premature failure of the devices. One case study was performed to investigate a fractured 
stainless steel 3.5 mm proximal humerus internal locking system (PHILOS) plate and 
screws. This plate was used for ankle arthrodesis of a 68-year-old female with a right ankle 
deformity. Another case study was performed on is a long cephalomedullary nail. This nail 
was used for femoral bone fracture fixation. 
 
6.1 FAILURE ANALYSIS OF PHILOS PLATE CONSTRUCT USED 
FOR PANTALAR ARTHRODESIS 
A fractured stainless steel 3.5 mm proximal humerus internal locking system (PHILOS) 
plate and screws were investigated in this paper. This plate was used for ankle arthrodesis 
of a 68-year-old female with a right ankle deformity. Both the plate and screws were 
considered in this investigation. Optical and scanning electron microscopes (SEM) were 
used to document fracture surface characteristics, such as extensive scratching, plastic 
deformation, rubbed surfaces, discoloration, and pitting, along with cleavage, secondary 
cracking, deposits of debris, striations, and dimples. Indications of these features show 
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that the plate failed by corrosion fatigue, however, overloading separated the screw(s) in 
two parts. Radiographic evidence shows that the screws failed ahead of the plate from the 
proximal end. Three-dimensional models of the plate and the screws: cortical, locking, 
and cannulated, were constructed using Solidworks and imported in ANSYS Workbench 
16.2 to simulate the loading conditions and regions of stress development. Statistical 
analysis was conducted to understand the impact of different factors on the maximum von 
Mises stresses of the locking compression plate. These factors were the load, screw design 
pattern, coefficient of friction between the plate and screws, and cortical screw 
displacement. In summary, the finite element simulation of the plate validates the 
fractographic examination results. The following observations were made: (a) as the angle 
between the screws and the plates increased, the von Mises stresses increased in the 
cortical screws; and (b) the stress in the locking screws was lower than that of the cortical 
screws, which may be due to locking the screws with fixed angles onto the plate. Finally, 
fractographic examination of the cortical and locking screws supports the mechanism of 
corrosion-fatigue fracture from crack initiation sites, pits, due to the presence of inclusion 
bodies for this material (ASTM standards F138-03 and F139-03) documented for the plate 
in previous efforts. 
6.1.1 Introduction 
Numerous methods of fixation have been advocated for tibiotalocalcaneal (TTC) 
arthrodesis, including external fixation, screws (Ahmad et al., 2007), intramedullary nails 
147 
 
(Mendicino et al., 2004), dynamic compression plate fixation (Fox et al., 2000), and the 
use of locking plates. Intramedullary nails have several advantages over other internal 
fixation devices, for instance, better bending and torsion strength (Shearman et al., 2016) 
(Berend et al., 1997). However, this type of fixation may not be used with severe-deformity 
patients (Chiodo et al., 2003). Plates are widely used in bone internal fixation. Different 
materials are used for medical implants, such as Ti-6Al-4V, 316l stainless steel, Co Cr. 
316L stainless steel is used extensively in internal fixation devices due to its excellent 
properties, such as its competitive price point and compatibility with the human body. On 
the other hand, corrosion fatigue can drastically affect the lifetime of the internal fixation 
devices and lead to catastrophic failure. 
As screw positioning is one of the main problems that leads to the failure of plates, 
locking compression plates (LCP) are preferred in arthrodesis. With this technique, the 
screw head threads are fixed to the plate with a specific angle that helps in reducing the 
risk of screw failure. Locking screws increase the stabilization of fractures, but they are 
more expensive than other types of screws. Hybrid fixation uses a combination of both 
locking and non-locking screws, which improve the stabilization economically. The 
locking and hybrid construct principles are outlined in Goswami et al. (Goswami et al., 
2011). 
6.1.1.1. Bone Screw Aspects of Design 
A screw comprises of a head, shaft, thread, and tip. 
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• The screw heads can be crossed, hexagonal, or star. The crossed screw head driver 
has a good advantage in torque transmission (Perren, 1992). However, a hexagonal 
driver provides a strong and insensitive alignment connection with the screw. 
• The screw shaft represents a smooth link with no threads and might be (1) fully 
threaded with the cross-sectional diameter decreasing from the head to the bottom 
tip of the screw; (2) has a similar diameter for both the shaft and the thread root and 
provides strength and alignment inside the holes, however, it may require over 
drilling during surgery; and (3) have a similar diameter for both the shaft and the 
thread major diameter, however, with a weaker shaft (Asnis & Kyle, 2012). 
• Screw threads with a constant angle increase the depth and pitch of the screw, while 
decreasing the pitch of the screw decreases the depth but keeps the angle constant. 
The surface of the thread should be perpendicular to the pullout load direction 
(Asnis & Kyle, 2012). 
• The screw tip can be cork, blunt, self-tapping, or self-cutting. A self-tapping tip has 
a sharp flue that needs a lower amount of force. However, it needs 30–40% more 
torque to be placed (Asnis & Kyle, 2012). 
6.6.1.2. Biomechanics of Bone Screws 
There are many differences among the cortical, cancellous, locking, and cannulated 
screws. The head of the locking screw has threads. Additionally, the size, core, and pitch 
of the threads change depending on the type of the screw. The cancellous screw has a larger 
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pitch and a larger core diameter than the cortical screw. In addition, the tip of the screw is 
either rounded or fluted (Patel, 2008). 
When using non-locking screws, a compressive force between the plate and the bone 
occurs with enough friction to provide the stability with a higher stress than the locking 
screws. On the other hand, the initial stress develops due to the tightening of the head inside 
the plate, followed by a compressive force that occurs on the bone around the locking 
screw. Additionally, the angle does not change between the locking screw and the plate 
that provides higher resistance against bending (Gautier & Sommer, 2003). The cannulated 
screw has less strength than the non-cannulated screw as it has a larger core diameter (Hsu 
et al., 2003). The main mechanisms for screw failure are the excessive torque that leads to 
shear failure or the loading of the plate in a different direction than the screw, which leads 
to bending failure (Asnis & Kyle, 2012). 
Studies showed that 42% of the torque that is applied to the screw is lost to overcoming 
the friction between the screw and the bone (Asnis & Kyle, 2012) (Hughes & Jordan, 
1972). This is one of the main reasons that surgeons apply high force and torque, which 
leads to higher shear stress on the screw, where the shear stress is directly proportional to 
the torque and inversely proportional to the diameter. Shear failure force is proportional to 
the material ultimate shear stress and the thread shear area (Chapman et al., 1996). 
In addition, there are two main factors that affect the amount of torque required for the 
insertion of the screw, which are the tapping and lubrication. Perren (Perren, 1992) showed 
that 43% of torque loss happens due to the screw-plate friction, 42% of torque loss due to 
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the screw threads-bone friction, and only 15% of torque transforms into an axial force. 
While, Hughes and Jordan (Hughes & Jordan, 1972) showed that 50% of torque occurred 
due to the screw-plate and screw-bone friction, 10% of torque loss is due to the screw 
threads-bone friction, 35% of torque loss is due to cutting threads, and only 5% of torque 
transforms into an axial force. In contrast, the lubricated and tapped screw friction 
decreased by 50%, 0% of torque loss is due to the screw threads cutting, and 65% of torque 
transformed into axial force (Asnis & Kyle, 2012). 
There are many designs of plates that can be used for tibiotalocalcaneal fixation or the 
fixation of a tibial bone fracture. Unfortunately, the lack of resources makes the best 
fixation option not always available. This issue has resulted in the use of humeral fixation 
plates for tibiotalocalcaneal arthrodesis. There are several studies that focused on the 
capability of using the humeral locking plate for tibiotalocalcaneal arthrodesis, as shown 
in Table 6.1, wherein 2007, a study on 18 patients showed that 94.4% of the patients had 
successful fusion after approximately 20 weeks when the proximal humeral locking plates 
were used for obtaining tibiotalocalcaneal arthrodesis (Ahmad et al., 2007). Additionally, 
another study in 2011 reported successful results when the same plate was used for ankle 
arthrodesis (Shi et al., 2011). In addition, in 2016, Shearman et al. showed that 81% of 
patients had satisfactory results when proximal locking plates were used for obtaining 
tibiotalocalcaneal arthrodesis (Shearman et al., 2016). 
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In the present study, a failed PHILOS construct was examined and a computational 
simulation performed to validate the regions of stress development causing the physical 
failure of the system. 
 
Table 6-1 Studies focused on the capability of proximal humerus internal locking system (PHILOS) for 
tibiotalocalcaneal arthrodesis. 





Ahmad, J., Pour, A.E., and 
Raikin, S.M. (Ahmad et al., 
2007) 
2007 
The modified use of a proximal 





18 patients showed that 94.4% (17 of 18) of the 
patients had successful fusion after 
approximately 20 weeks when the proximal 
humeral locking plates were used for obtaining 
tibiotalocalcaneal arthrodesis. 
Shi, Z., Zhang, C., Gu, W., 
Zhang, C., and Zeng, B. 
(Shi et al., 2011) 
2011 
Ankle arthrodesis by lateral 
malleolus osteotomy and internal 





Reported successful results when the same plate 
was used for ankle arthrodesis. 
Haider Twaij and Dev 
Damany  
(Twaij & Damany, 2013) 
2013 
PHILOS humerus plate for a 
distal tibial fracture 
51 1:0 A successful result for the case. 
Shearman, A.D., 
Eleftheriou, K.I., Patel, A., 
Pradhan, R., and Rosenfeld, 
P.F. (Shearman et al., 2016) 
2016 
Use of a Proximal Humeral 
Locking Plate for Complex 




17 of 21 patients (81%) had satisfactory results 
when proximal locking plates were used for 







A fractured stainless steel 3.5 mm LCP proximal humerus locking plate (PHILOS), 
originally manufactured by Synthes, is investigated for the failure mechanism(s) 
responsible for its failure. A typical LCP proximal humerus locking plate is shown in 
Figure 6.1. It can be seen that the plate was inverted to handle the anatomical shape of the 
tibiotalocalcaneal area, where the proximal part of the plate was fixed to the calcaneus and 
talus. The fractured pieces are analyzed to determine the mechanism of failure. In previous 
efforts, the PHILOS plate failure analysis was carried out and a state of the art literature 
review of hybrid constructs is summarized (Ina et al., 2018). This study not only presents 
the results of finite element simulations of the PHILOS construct (plate and screws) but 
also examines the failure mechanisms of the screws that failed. 
The PHILOS plate and screws were used for a 68-year-old patient that had a right 
ankle plantar arthrodesis, deformation on the right ankle, and dislocation on the lateral 
subtalar joint. The distal part of the plate was fixed to the lateral part of tibia and calcaneus 
by 3.5 mm cortical screws. Additionally, 3.5 mm locking screws were used to fix the 
proximal part of the plate. Furthermore, a 6.5 mm cannulated screw was used to apply 
compression on tibiotalar and subtalar joints. In addition, 3.5 mm screws with washers 
were used to support the fusion of the talonavicular joint. After six years, the plate and the 





Table 6-2 Pieces of the PHILOS system submitted for investigation. 









N/A 08/2008 2014 
Cortical Screws 3.5 mm 
DePuy 
Synthes 
N/A 08/2008 2010–2014 
Locking Screws 3.5 mm 
DePuy 
Synthes 
N/A 08/2008 2011–2014 
Cannulated Screw 6.5 mm Zimmer N/A 08/2008 2013 
Note: X-ray images with respect to dates are shown in (Ina et al., 2018). 
 
6.1.3. Visual Examination 
6.1.3.1. The Plate 
Visual examination demonstrated that the LCP plate was fractured into three pieces. 
The anterior and posterior views of the plate are shown in Figure 6.1. The proximal part of 





Figure 6.1 The fractured 3.5 mm LCP proximal humerus locking plate shaft showing the crack 
initiation and propagation in two directions (red arrows) (left). The proximal part of the plate is 
divided into six levels, from A to F (middle). It can be seen that the plate is inverted to align with 
the anatomical shape of the tibiotalocalcaneal area, where the proximal part of the plate was fixed 
to the calcaneus and talus (right). 
 
The plate failed at levels B–E. Additionally, Figure 6.1 shows that the crack initiated 
from under one of the locking holes near the middle of the plate at level (E). This fracture 
progressed in two directions (the red arrows), one in the diagonal direction and another in 
the perpendicular direction, which caused the plate to fail into three pieces. The distal part 
of the plate shaft had been removed to perform some additional tests. Observing the plate 
under the optical microscopy showed a considerable amount of scratches and pitting. 





6.1.3.2. The Screws 
Twelve screws were submitted for examination, as shown Figure 6.2. Four were 3.5 
mm cortical non-locking screws, and three (75%) of these screws fractured into two pieces. 
The X-ray images showed that the first cortical screw failed after two years of implantation 
(Ina et al., 2018) and the other two screws failed after five to six years (Ina et al., 2018), 
visible in X-rays. One of the cortical screw heads remained on the plate after removal. 
Seven 3.5 mm locking screws were submitted for investigation, and three (42.8%) of these 
screws fractured into two pieces.  
It was difficult to visualize the time of failure of the locking screws after the 
implantation in the X-ray images because the screw density was high at the area of insertion 
of the locking screws. One of the locking screws heads and other undamaged locking 
screws remained in the plate after removal. In addition, one 6.5 mm cannulated screw 
fractured within five years of implantation, as was observed in the X-ray images (Ina et al., 
2018). No physical damage to the devices that may have led to the failure was observed. 
Radiographic evidence, as seen in Figure 6.1, shows that the screws failed ahead of the 








Figure 6.2 Screw visual observation showed the fractured screws (upper), some thread flattening (middle), 
and the fractured 6.5 mm cannulated screw (below). 
6.1.4. Fractographic Examination 
Optical and scanning electron microscopes were used to document the fracture surface 
characteristics such as extensive scratching, plastic deformation, rubbed surfaces, 
discoloration, and pitting, along with cleavage, cracking, deposits of debris, striations, and 
dimples. A PEMTRON scanning electron microscope (SEM PS-230, Seoul, Korea) with 
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10 KV was used to perform the fractographic examination. Fractographic analysis was 
performed on the plate and four screws in the fractured regions. By examining the fractured 
surface of the plate, quasi-cleavage fracture was observed, as shown in Appendix G (Figure 
G1). The literature showed similar observations that the corrosion–fatigue mechanism was 
responsible for the failure of the plates (Atlas Specialty Metals, 2004) (Azevedo, 2002) 
(Kanchanomai et al., 2008. However, another study showed that the failure of plates could 
be a result of improper material (Amalraju & Dawood, 2012). 
The cortical screws were marked as CS1, CS2, CS3, and CS4 from the proximal to the 
distal direction. The locking screws were marked depending on the level of insertion, 
shown in Figure 6.1, as LA, LB, LC, LD, and LE. Cortical screws CS1 and CS4 were 
examined with the SEM. Appendix G (Figures AG–G4) show the main details in CS1, 
where the presence of striations and microcracks can be noticed, while Appendix G 
(Figures G5–G7) shows the main details in CS4, where the presence of striations in 
different directions can be noticed. In addition, two locking screws were examined with 
the SEM. Appendix G (Figures G8–G11) shows the main details for the locking screws.  
It can be noticed that the fractured surfaces of the screws were rubbed. Rubbing 
happened inside the body as the devices failed after two years of insertion and were kept 
inside the body for four more years, which caused the loss of some of the important features 
that caused the crack initiation. Additionally, it was observed that the cracks in the fatigue 
areas of the plate initiated from corrosion pits. In general, the investigation showed that the 
failure was a result of conjoint bending/torsion loading and corrosion–fatigue cracking that 
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propagated from the bottom of pit(s). The pitting susceptibility of this material is widely 
documented in the literature arising from inclusions, which were reported in previous 
efforts (Ina et al., 2018). The mechanisms governing failure of the screws are similar to 
that found for the plate (Ina et al., 2018). 
6.1.5. Material Conformity 
The metallographic qualitative analysis was performed based on ASTM standards 
F138-03 and F139-03 (ASTM, 2005). A sample from the locking screw was taken. Cutting, 
mounting, and polishing were performed to prepare the sample. The polishing was done 
with different grades of silicon carbide papers (320–600 grit) and diamond abrasive 
solutions (9–0.01 μm). After the polishing, X-ray energy dispersive spectroscopy (EDS, 
Thermo Fisher Scientific, Hillsboro, OR, USA) was performed on the screw sample 
surface, and the results were compared with the ASTM standards F138-03 and F139-03 
reported for stainless steel 316L to ensure that there is no significant difference that might 
have caused the failure (Allen, 1998) (Atlas Specialty Metals, 2004). Figure 6.3 shows the 
peaks of different element weight percent in the screw, and the data on each area is 
summarized in Table 6.3. Additionally, ASTM standard F139-03 has set additional 
requirements to ensure that the material meets the specifications, which is shown in 
Equation (6.1): 
% Cr + (3.3 × %Mo)  ≥ 26.0 (6.1) 
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The screw confirmed to the ASTM standard and there is no significant difference that 
might have caused the failure. 
 
Figure 6.3 Energy dispersive X-ray analysis shows the peaks of different element weight percent in the 
cortical screw sample. 
Table 6-3 X-ray energy dispersive spectroscopy (EDS). 
Composition 
ASTM standards F138-03 and F139-03 Screw 
(Min–Max) Area 1 Area 2 Area 3 Average 
%Mn 0–2.04 1.63  1.51  1.62  1.57  
%Si 0–0.80 0.62  0.63  0.42  0.56  
%Cr 16.80–19.20 18.57  18.68  18.71  18.65  
%Mo 2.15–3.10 2.97  3.09  2.36  2.81  




6.1.6. Computational Simulations of Failures 
6.1.6.1. Finite Element Analysis 
Three-dimensional models of the plate and the screws: cortical, locking, and 
cannulated were constructed using SolidWorks (Dassault Systèmes SolidWorks Corp., 
Concord, MA, USA) and imported in ANSYS Workbench 16.2 (ANSYS Inc., Canonsburg, 
PA, USA) to simulate the loading conditions and regions of stress development. The 
dimensions of the cortical, locking, and cannulated screws were taken from the Synthes 
brochure (SYNTHES, 2002), and the PHILOS plate was measured from the submitted 
samples, Figure 6.4.  
Models were generated depending on patient-specific geometric information that was 
obtained manually from the X-ray images. The modeling of each screw has depended on 
the angle of its insertion inside the bone of this patient. However, locking screw placement 
angles were not clearly visible in the X-ray due to the presence of too many screws that 
were used in the fixation, Figure 6.5. That being said, the locking screws placement angles 
were measured manually by inserting locking screws inside a sample plate.  
Figure 6.6 shows the angles of the locking screws at level A. Locking screws at level 
A were inserted slightly upward with a 30° angle above the neutral axis of the center of the 
screw hole and parallel to each other. The locking screws at level B were inserted 
perpendicular to the plate with an inward 30° angle. The locking screws at level C were 
inserted upward with a 40° angle above neutral axis and outward 30° angle. The locking 
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screws at level D were inserted slightly upward with a 10° angle above the neutral axis. 
Finally, the locking screw at level E was inserted upward with a 30° angle above the neutral 
axis and slightly outward. The heads of the locking screws were fixed with no displacement 
allowed. Additionally, the material properties of stainless steel 316L were assigned 
according to the ASTM standard (ASTM, 2005), shown in Table 4.  
The cortical and cancellous components were modeled with a 12.7 GPa and a 0.9 GPa 
modulus of elasticity and a 0.3 and a 0.2 Poisson’s ratio, respectively (Hamandi & 
Goswami, 2017). Materials were treated as homogeneous, isotropic, and a linear elastic 
analysis was carried out. All the results were within the limitation of this assumption 
assuming all loads transferred from bone to the plate. Figure 6.8 shows the loading 




Figure 6.4 The dimensions of the 3.5 mm standard  locking compression plates (LCP) proximal humerus 
locking plate. 
 
Figure 6.5 X-ray image showing the screws used in the tibiotalocalcaneal fixation. 
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It is claimed that when a PHILOS plate is closed with all the screw holes, the fixation 
is stable and fracture union takes place with time. However, with the current subject, the 
device started to fail before the bone union took place, which caused some displacement 
and led the screws to fail after two years, visible when X-rays were taken. We ignored the 
effect of screw failure on the adjacent level screws both in terms of construct plate-screw 
placement angles and load transfer. As there is no viable way to identify the amount of 
screw micro-motion in this construct, it was assumed that displacement in the cortical 
screws within the range of 0.05–0.25 mm occurring within the few months after load 
bearing based on our research on hybrid constructs where the stiffness drop occurs within 
the first 5000 fatigue cycles (Goswami et al., 2011) resulting in altering the coefficients of 
friction between the screws and bone; 0.5 with all screws intact to 0.1 when screws began 
to fail. All the locking screws were assumed to be fixed, while some displacement was 
allowed for the cortical screws along the x-axis, as shown in Figure 6.8, simulating human 
gait to reflect loading and deformation. The loading was applied in two steps; (1) the 
preload torque for the installation of the screw, and (2) the axial loads. The applied load on 
the ankle joint might reach 3.5 times of the body weight in the gait cycle during the push-
off stage (Michael et al., 2008). The body weight of the patient was assumed to be 80 kg 
in this study. However, for patients with abnormal gait cycles, the applied load may reach 
four times of the body weight (3000 N) or higher.  
To simulate the contact analysis in the model, the target and contact surfaces between 
the plate and bone, the plate and screws, and bone and screws were defined by not merging 
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the nodes between the components and assuring the union and the transformation of the 
loads and the deformation between the plate, screws, and bone with a coefficient of friction 
of 0.4 between the plate and the bone (Perren, 2002), 0.35 between the plate and the screws 
(Goswami et al., 2016), and five different coefficients of friction were obtained between 
the screws and the bone (0.1, 0.2, 0.3, 0.4, and 0.5) (Perren, 2002). Furthermore, five 
different axial loads were tested to observe the PHILOS device in normal and extreme 
situations with axial loads ranging from 500–2000 N with a torque load 5.0 Nm (Egol et 
al., 2004) (Borgeaud et al., 2000). The loading in the screws had been inclined to match 
with the insertion angle of each of the screws. In addition, two screw pattern designs 
(Figure 6.7) were assumed in order to investigate the effect of screw position on the 
maximum stress of the plate: design (A) where the screws inserted at levels A, C, D, and 
E, and design (B) where the screws inserted at levels A, B, C, and E, as shown in Figure 
6.7, and the loading and boundary conditions are shown in Figure 8. In addition, the 
tetrahedral element type was used in this study. The FE meshing was automatically adapted 
through Ansys, where convergence tools were used with 5% convergence, which resulted 
in approximately 50,000 elements and 85,000 nodes, as shown in Figure 6.8. Some studies 
suggested removing of unused screw holes from the model, however, in this study all the 










Figure 6.7 Screw pattern designs. Design A (left) and design B (right) (SYNTHES, 2002). 
Table 6-4 Stainless Steel 316L material properties (ASTM, 2005) 
Material Properties 316L Stainless Steel  
Elastic Modulus (GPa) 200  
Shear Modulus (GPa) 82  
Poisson’s Ratio 0.265  
Mass Density (g/m3) 8.027  
Tensile Strength (N/mm2) 860 





Figure 6.8 The loading and boundary conditions applied on the model. 
6.1.6.2. The Results 
The maximum von Mises stress in the plate was obtained with two screw pattern 
designs, five axial loads and coefficients of friction between the screw and the plate, and 
five cortical screw displacements, and the results are summarized in Table 6.5. Figure 6.9 
168 
 
shows the von Mises stresses of the 316L SS plate with screw design B, 500 N axial load, 
0.5 coefficient of friction between the screw and the plate, and 0.1 mm cortical screw 
displacement. It was observed that the maximum stresses are in the levels B–E, which 
validates the visual and fractography examinations. Additionally, the maximum stresses 
were between 201 and 346 MPa for 500–750 N axial loading, which is significantly lower 
than the yield strength (σy = 690 MPa) of the material. However, for the fatigue limit at 10
7 
cycles, the maximum stresses should be equal to, or less than, 440 MPa to be in the safe 
region (Narayan et all, 2012). On the other hand, the maximum stresses were between 504 
and 692 MPa for 1500–2000 N axial loading, which is significantly higher than the failure 
criteria used. At this level, the developed stresses are likely to cause plastic deformation 
and failure prematurely. If the environmental effects were included, the corrosion fatigue 
crack propagation may activate at this level of loading. Since the ankle deformity gives rise 
to the increased level of force development in the range of 4–8 times the body weight, the 
extrapolated von Mises stress may reach as high as 900 MPa. In addition, the simulations 
show that higher coefficients of friction reduce the von Mises stress for both pattern designs 
and for different loading conditions. As a result estimation of the actual loading behavior 
of the plate from the activities of daily living of the individual, together with mechanical 
parameters such as the coefficient of friction, loosening, and axial loading in the screw and 




On the other hand, the maximum von Mises stresses increased with the increase in 
cortical screw displacements, as the screws began to fail, as shown in Figures 6.10 and 
6.11. The maximum von Mises stresses of the cortical screws occurred near the head of the 
screw when the screw was perpendicular to the plate, as shown in Figures 6.12 and 6.15. 
However, the maximum von Mises stress of the cortical screw was near the middle of the 
screw when the screw was at an upward angle, as shown in Figure 6.16. In addition, the 
maximum von Mises stresses of the locking screws were distributed across the screws and 
were higher at levels A, C, and E, where the screws have slightly upward angles. Figure 
6.13 shows the von Mises stress of the locking screw at level C and the screw insertion 
angles. Table 6 shows the maximum von Mises stresses of the cortical and locking screws. 
Finally, the von Mises stress of the cannulated screw is shown in Figure 6.14, and it is 




Figure 6.9 The von Mises stresses in the 316L SS plate with screw design B, 500 N axial load, 0.5 
coefficient of friction between the screw and the plate, and 0.1 mm cortical screw displacement. 
 
Figure 6.10 The surface plot of the maximum von Mises stresses in the 316L SS plate with screw design B 
and 0.25 mm cortical screw displacement vs. the coefficient of friction (COF) and the axial force. 
171 
 
Table 6-5 The maximum von Mises stresses of the plates were obtained for five different loads, five coefficients of friction, five cortical screws 
displacement, and two screw pattern designs. 
Axial Force (N) Coefficient of Friction 
Design A Design B 
Non-Locking Screws Displacement (mm) 
0.05 0.10 0.15 0.20 0.25 0.05 0.10 0.15 0.20 0.25 
500 
0.10 219.81 221.90 224.19 226.72 229.49 220.86 222.95 225.24 227.76 230.54 
0.20 210.54 211.70 212.97 214.38 215.92 211.59 212.75 214.02 215.42 216.97 
0.30 205.39 206.03 206.74 207.52 208.38 206.44 207.08 207.79 208.57 209.43 
0.40 202.53 202.88 203.28 203.71 204.19 203.58 203.93 204.33 204.76 205.24 
0.50 200.93 201.13 201.35 201.59 201.86 201.99 202.19 202.40 202.64 202.91 
750 
0.10 330.26 333.39 336.83 340.62 344.78 331.29 334.42 337.86 341.65 345.81 
0.20 316.35 318.09 320.00 322.10 324.42 317.38 319.12 321.03 323.14 325.45 
0.30 308.62 309.59 310.65 311.82 313.11 309.66 310.62 311.69 312.85 314.14 
0.40 304.33 304.87 305.46 306.11 306.82 305.37 305.90 306.49 307.14 307.85 
0.50 301.95 302.24 302.57 302.93 303.33 302.98 303.28 303.61 303.97 304.36 
1000 
0.10 440.70 444.87 449.46 454.50 460.06 441.72 445.89 450.48 455.53 461.08 
0.20 422.15 424.47 427.02 429.82 432.91 423.18 425.49 428.04 430.85 433.93 
0.30 411.85 413.14 414.56 416.11 417.83 412.88 414.16 415.58 417.14 418.85 
0.40 406.13 406.84 407.63 408.50 409.45 407.15 407.87 408.66 409.52 410.47 
0.50 402.95 403.35 403.78 404.26 404.79 403.97 404.37 404.81 405.29 405.82 
1500 0.10 551.13 556.34 562.08 568.39 575.33 552.15 557.36 563.10 569.41 576.35 
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0.20 527.95 530.85 534.04 537.54 541.40 528.97 531.87 535.06 538.56 542.42 
0.30 515.08 516.68 518.46 520.40 522.55 516.10 517.70 519.48 521.42 523.56 
0.40 507.92 508.82 509.80 510.88 512.07 508.94 509.84 510.82 511.90 513.09 
0.50 503.95 504.44 504.99 505.59 506.25 504.97 505.46 506.01 506.61 507.27 
2000 
0.10 661.56 667.82 674.70 682.28 690.61 662.58 668.84 675.72 683.29 691.62 
0.20 633.75 637.23 641.05 645.26 649.88 634.77 638.24 642.07 646.27 650.90 
0.30 618.30 620.23 622.35 624.69 627.26 619.31 621.25 623.37 625.71 628.28 
0.40 609.71 610.79 611.97 613.27 614.69 610.73 611.80 612.98 614.28 615.71 









   
(a) 500 N (b) 750 N (c) 1000 N 
            
(d) 1500 N (e) 2000 N 
Figure 6.11 The surface plot of maximum von Mises stresses in the 316L SS plate vs. the coefficient of 
friction (COF) and the cortical screw displacement (mm) for different axial loads (a) 500 N, (b) 750 N, (c) 




Figure 6.12 Comparing a two-year post operation X-ray image with the von-Mises stress of the 316L SS 
cortical screw (CS3). 
 




Table 6-6 The maximum von Mises stresses in the screws. 
Description Cortical Screws Locking Screws 
The Screw CS1 CS2 CS3 CS4 A B C D E 
Maximum Stress (MPa) 54.164 56.6316 62.926 59.627 31.138 26.4 32.25 28.04 31.9 
 
 
Figure 6.14 The von-Mises stresses in the cannulated screw. 
6.1.7 Discussion 
This study not only examines the PHILOS plate computational simulations, but also 
examines the failure mechanisms of all the screws that failed. On visual examination, it 
can be noticed that the crack initiated from under one of the locking holes near the middle 
of the plate. Observing the plate under optical microscopy indicated that the surface of the 
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plate had a considerable amount of scratches and pitting. Seventy-five percent of the 
cortical screws and 42.8% of the locking screws fractured into two pieces. Chemical, 
qualitative analysis of our results shows that the screw confirmed to the ASTM standards 
F138-03 and F139-03 and there is no significant difference that may have caused the 
failure. Optical and scanning electron microscopes were used to document the fracture 
surface characteristics, such as extensive scratching, plastic deformation, rubbed surfaces, 
discoloration, and pitting, along with cleavage, cracking, deposits of debris, striations, and 
dimples. Fractographs show a quasi-cleavage fracture. Azevedo (Azevedo, 2002), 
Kanchanomai et al. (Kanchanomai et al., 2008), and Majid et al. (Majid et al., 2011) 
showed similar observations that the corrosion–fatigue mechanism was responsible for the 
failure of plates. However, Sivakumar et al. (Sivakumar et al., 1994) showed that the failure 
of plates could be a result of improper fixation. On the fracture surface of the cortical 
screws, we noticed the presence of striations, microcracks, and rubbed surfaces. The 
presence of the inclusions, as presented in previous efforts (Ina et al., 2018) for this 
material, increased the pitting susceptibility of SS316L and possible transitioning to 
corrosion fatigue cracking. FEM analysis clearly shows that at any level of load bear, the 
developed stresses will cause plastic deformation at the sites of screw holes and this 
plasticity will initiate a crack. Thapa et al. showed a similar fractographic examination for 
the locking plate (Sivakumar et al., 1994). Indications of these features show that the plate 
failed by corrosion fatigue. However, overloading separated the screws into two parts. 
Radiographic evidence shows that the screws failed ahead of the plate from the proximal 
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end. Finally, fractographic examination of the cortical and locking screws supports the 
mechanism of corrosion–fatigue fracture from crack initiation sites due to the presence of 
inclusion bodies and pits. In addition, two screw pattern designs were assumed in order to 
investigate the effect of the screw position on the maximum stress of the plate. Some 
studies suggested the removal of unused screw holes from the model, however, in this study 
all the holes used in the simulation provided higher fixation strength and stability. The 
results of the computational simulation showed that the maximum stresses simulated the 
loading conditions and regions of stress development. The simulation showed that having 
higher coefficients of friction reduces the von Mises stresses for both pattern designs and 
for different loading conditions. On the other hand, the maximum von Mises stresses of the 
PHILOS plate increased with the increase in cortical screw displacements. The results for 
the visual, fractography, and quantitative examinations of the cortical, locking, and 
cannulated screws are summarized in Table 7. The maximum von Mises stresses of the 
cortical screws were near the head of the screw when the screw was perpendicular to the 
plate and near the middle when the screws were at upward angles. If we compare the von 
Mises stresses of the four cortical screws across the cortical screws length, it was observed 
that the maximum stresses are almost similar for all the screws, but the position of the 
maximum stresses varied depending on the angle of the screws, as shown in Figure 6.20. 
Additionally, the graph shows that the stresses are, at a minimum, at the head of the C1 
and C2 screws. Then, a sharp increase in the stresses can be noticed at the shaft of the screw 
near the head, as this is the area where the screw cuts through the cortical bone and is 
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exposed to the axial load of the bone. Then the stress distribution decreased gradually. On 
the other hand, C3 and C4 cortical screws were at an upward angle. This angulation 
increased the stress by 165% on the shaft of the screw than the head of the screw. In the 
case of locking screws, the maximum von Mises stresses were distributed across the 
screws. However, the maximum von Mises stresses were only 110% higher at levels A, C, 
and E where the screws have slightly upward angles. Figure 6.21 shows a comparison 
between the von Mises stresses across the locking screw length. It can be noticed from the 
graph that the maximum stresses were near the heads of the screws and as the screws 
entering the cortical bone. Finally, it was observed that the stresses were 170% higher in 
the shaft of the cannulated screw than the head and the tip of the screw. In general, the 
maximum von Mises stresses experienced by the screws were lower than the fatigue stress 
limit. However, corrosion in this case may drastically affect the lifetime of the screws by 
reducing the number of cycles to failure. The numerical analysis was conducted to 
understand the impact of different factors on the maximum von Mises stresses of the 
locking compression plate. The statistical analysis showed that the applied load has a 
significant effect on the maximum stresses, but the screw pattern design does not have a 
significant effect. In summary, the fractographic examination of the cortical and locking 
screws supports the mechanism of corrosion–fatigue fracture from crack initiation sites due 
to the presence of pits and/or high plasticity regions. Additionally, the cracking followed 
by the rotating bending mechanisms since the axial load and torsion control that behavior. 




Figure 6.15 The von-Mises stresses of the 316L SS cortical screws across the screw length. 
 












































































Table 6-7 Visual, fractography, and quantitative examinations of the cortical, locking, and cannulated 
screws. 







Plastic deformation, failed 
into two pieces 
X-ray image shows it was 




A rubbed surface  
The maximum von Mises 
stresses were near the head of 
the screw 
CS2 No noticeable failure N/A 
The maximum von Mises 
stresses were near the head of 
the screw 
CS3 
Plastic deformation, failed 
into two pieces 
X-ray image shows it was 
failed after five years of 
insertion 
N/A 
The maximum von Mises 
stresses s were near the 
middle of the screw 
CS4 
Plastic deformation, failed 
into two pieces 
X-ray image shows it was 






The maximum von Mises 
stresses s were near the 






Inserted slightly upward with 
30° angle and parallel to the 
other screw. 
One screw failed and 
fractured into two pieces 
N/A 
The von Mises stresses 
distributed between 20–40% 
the screw length 
Higher than levels b and d 
LB 
Inserted perpendicular to the 
plate and inward 30° angle. 
No noticeable failure 
N/A 
The von Mises stresses 
distributed near the head of 
the screw 
Lower than levels a, c, and e 
LC 
Inserted upward with a 40° 
angle and outward 30° angle. 
One screw failed and 
fractured into two pieces 
Inclusions 
Fatigue striations 
The von Mises stresses 
distributed between 20–40% 
the screw length 
Higher than levels b and d 
LD 
Inserted slightly upward with 
a10° angle. 
No noticeable failure 
N/A 
The von Mises stresses 
distributed near the head of 
the screw 
Lower than levels a, c, and e 
LE 
Inserted upward with a 30° 
angle and slightly outward. 
One screw failed and 
fractured into two pieces 
Inclusions 
Fatigue striations 
The von Mises stresses 
distributed between 20–40% 
the screw length 
Higher than levels b and d 
Cannulated Screw 
 
Plastic deformation, failed 
into two pieces 
X-ray image shows it was 
failed after six years of 
insertion 
N/A 
The stresses were higher in 
the shaft of the screw 
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6.2 BIOMECHANICAL BEHAVIOR OF A VARIABLE ANGLE LOCKED 
TIBIOTALOCALCANEAL CONSTRUCT  
This study examines the mechanics of tibiotalocalcaneal construct made with a PHILOS 
plating system. A failed device consisting of the LCP plate and cortical, locking, and 
cannulated screws was used to perform the analysis. Visual, microstructure, and 
fractographic examinations were carried out to characterize the fracture surface topology. 
These examinations revealed the presence of surface scratching, inclusions, discoloration, 
corrosion pits, beach marks, cleavage and striations on the fracture surface. Further 
examination of the material crystallography and texture revealed an interaction of S, Ni, 
and Mo based inclusions that may have raised pitting susceptibility of the device made 
with Stainless Steel 316L. These features suggest that the device underwent damage by 
pitting corrosion-fatigue mechanism and overloading towards the end to fail the plate and 
screws in two or more components. The screws failed via conjoint bending and torsion 
fatigue mechanisms. Computer simulations of variable angle locking screws were 
performed in this study. The material of construction of the device was governed by 
ASTM F138-8 or its ISO equivalent 5832 and exhibited inconsistencies in chemistry and 
hardness requirements. The failure conditions were matched in finite element modeling 







The locking compression plates in fractures fixation represents a major 
improvement especially in elderly patients (Pesce et al., 2009). However, the density of the 
bone decreases as individuals get older that leads to complications and difficulties during 
fracture treatment (McGowen et al., 2004). Despite that, locking plates are mostly used 
with multiple fracture cases to optimize the alignment of the fracture area, reduce the gap 
between the bones, and provide a maximum stability (Nassiri et al., 2013). Conventional 
plating requires higher screw torque than the locking plates to provide the same amount of 
stability. This high torque can lead to screw loosening especially in osteoporotic bone that 
causes an increase in the gap at the fracture area and failure of the fixation device(s) 
(Fitzpatrick et al., 2009). On the other hand, the locking plate provides more stability than 
the conventional plate. As the screws are implanted in fixed angles, there is no loosening 
between the plate and the bone that provides more stability to the fracture (Latifi et al., 
2012).  
Additionally, having the screws in a fixed angle within the plate assists in 
equivalent stress distribution across the plate (Huang et al., 2015). This advantage makes 
the locking plate a preferred choice when working on multiple fracture cases and bone with 
osteoporosis. In addition, the minimum insertion torque for bone fixation is the other 
advantage of the locking plates that assists in reducing postoperative complications (Kumar 
et al., 2013). Mechanical stability at the fracture location determines the healing type 
(Mavcic and Antolic, 2012). Primary healing occurs in the fracture area in cyclic 
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compression. The primary fracture healing achieved via locking plate allows bone cells 
formation (Wagner, 2003) however, secondary fracture healing occurs via bridge fixation. 
Bridge fixation assists in the production of cartilage and bone produced in a similar way to 
the embryologic growth from the cartilage (Wagner, 2003) .The other important advantage 
of locking plate over the conventional plate is that the conventional plate depends on the 
friction between the bone and the plate only to provide the fixation, while the locking plate 
depends on locking the screws heads into the plate by the threaded holes. Having the plate 
and the screws locked together can be very beneficial for fracture fixation regardless of 
bone quality (Miller and Goswami, 2007). The limited or no motion at the fracture area 
provided by the locking plate keeps the fracture gap fixed at the area beneath the plate and 
allows micromotion at the far cortex (Hak et al., 2010). Fracture gap (FG) strain can be 
expressed in the following relation: 
𝐹𝐺𝑠𝑡𝑟𝑎𝑖𝑛 = 𝐹𝐺∆𝐿 𝐹𝐺𝐿⁄                          (6.2) 
Additionally, it is important to know that fracture healing and strain have an inverse 
relationship. Less fracture gap strain might lead to primary fracture healing (Hak et al., 
2010). Perren (Parren, 2002) discussed that if 𝐹𝐺𝑠𝑡𝑟𝑎𝑖𝑛 is higher than 10% then no healing 
will occur at the fracture area. The length of the plate and the number of screws used have 
a significant effect on stress distribution across the plate. Studies exhibited that using a 
longer plate with widespread screws can reduce the pullout forces on the screws (Hak et 
al., 2010). Conversely, spreading the screws would lead to decreasing the stiffness of the 
construct causing movement at the fracture region.  
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Stainless Steel 316L is one of the preferred materials to construct internal fixation 
devices. Strength, ductility, biocompatibility and costs favor their use (Texhammar, R., & 
Colton, C. 2013). On the other hand, Shahryari & Omanovic (Shahryari, A., & Omanovic, 
S. (2007) showed that one of the problems with stainless steel is pitting corrosion that 
associates with inclusions and affects the device stability and leads to failure. Additionally, 
the in vivo environment enhances the pitting susceptibility (Kocijan et al., 2003). Goswami 
and Hoeppner (Goswami, T., & Hoeppner, D. W. 1999) discussed the transition of pit(s) 
to a crack. This transition involves a six-stage mechanism: 1) incubation pit nucleation due 
to the mechanical process, 2) damage accumulation at a local point as a result of 
environment and 3) microstructure interaction, 4) pit growth, 5) the transition from pit to 
fatigue crack growth, and finally 6) corrosion fatigue crack propagation. Additionally, they 
discussed the effect of pit aspect ratio on stress intensity factor and pitting corrosion, where 
having an aspect ratio (> 1) would cause a pit to transition to a crack which may propagate 
by corrosion fatigue mechanisms (Goswami, T., & Hoeppner, D. W. 1999).  
The analysis of tibiotalocalcaneal construct made with the PHILOS plating system 
(Figure 6.17) has been discussed in previous efforts; the plate and the screws were 
investigated separately (Ina et al., 2018) (Hamandi et al., 2018). This study further 
elucidates the quantitative topography of microstructure and texture, damage mechanisms 
such as pitting and computational evaluations of loading and resulting stresses. In addition, 
we hypothesize that the angle of inserting the screws in the plate and the distance of the 
screw from the loading surface might affect the stress distribution and total displacement 
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of the PHILOS plate, therefore the biomechanics of variable angle locking screws construct 
was performed with representative models investigating thirteen different insertion angles 
(0, 5°, 10°, 15°, 20°, 30°, 40°, -5°, -10°, -15°, -20°, -30° and -40°) and three different 
positions. The results from finite element analysis were used to develop the fatigue analysis 
using traditional Paris equation and attempts made to interpret crack nucleation phase 
controlled by pit aspect ratio and crack propagation life estimated. 
 











6.2.2 Materials and Methods  
6.2.2.1 Material Conformity 
To ensure that the plate and the screws have met the metallurgical requirements of 
ASTM standards F138-03, F139-03 and ISO equivalent 5832 for 316L stainless steel 
medical application material (ASTM, 2005), the X-ray Energy Dispersive Spectroscopy 
(EDS) was performed using an Octane Super detector. EDAX TEAM software was used 
to estimate the weight percent peaks for the plate, locking, cancellous, and cortical screws.  
6.2.2.2. Microstructure Characterization 
Electron Backscatter Diffraction (EBSD) was performed on Thermo Fisher 
Scientific's innovative microscopy (FEI XL-30) using an EDAX EBSD detector to 
determine grain size and orientation. The grain area (Ag) and diameter (dg) were calculated 
for each grain by using ImageJ program. Then the mean grain size (?̅?) was calculated by 




,                   (6.3) 
6.2.2.3. Device Failure Analysis Strategy 
We divided the investigation of PHILOS plate into six levels (A-F), as shown in Figure 
(6.18). Additionally, investigation on the screws was performed as well to understand the 
effect of screws on the failure of the PHILOS construct. The screws that have been 
investigated with SEM were CS1 (the proximal cortical screw), CS2 (the distal cortical 
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screw), LC (the locking screw inserted at level C), and LE (the locking screw inserted at 
level E). Fractography was performed using FEI Quanta 650, at 15kV, spot size 3, and 
aperture 30µm.  
Striation spacing was determined from the fractographic examination on the surface 
of the CS1 screw. Then, the striation spacing was used to calculate the stress intensity 
factor (∆K) by using Bates and Clark equation (Bates, RC., & Clark, W.G. 1967) in its 




 ,                 (6.4) 
Where x is the average striation spacing, and E is the modulus of elasticity. E316l stainless steel 
= 200 GPa (ASTM, 2005).  
 
Figure 6.18 Anterior and posterior views of the PHILOS plate divided into six levels (A-F) showing the 
geometry, dimensions, and locking and non-locking screws locations on the plate 
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6.2.2.4. Computational Modeling of Failure Mechanisms 
In our previous study (Hamandi et al., 2018), finite element modeling was performed to 
simulate the loading conditions and stress distribution in the plate and the screws. In the 
current study, computational modeling was performed to predict failure mechanisms of the 
PHILOS construct and modeling variable angle screws. 
Simulation of Fatigue Failure: The stresses on the PHILOS construct vary continuously 
during the gait cycle resulting from activities of daily living such as walking or stairs 
climbing. This variation combined with bone friction against the plate and screws can 
initiate fatigue crack in the PHILOS construct. Inside the human body the pH value 
changes, so do temperature and load with activities, and these environments have been 
proven to cause corrosion of implants and fatigue cracking under cyclic loading. It’s well 
known that fatigue precedes an incubation period which is both cycle and time dependent. 
However, pit aspect ratios of sufficient size can form a crack which may propagate under 
steady state condition or lead to tertiary crack propagation phase where abrupt failure may 
occur. In order to understand how the crack nucleates and propagates, a surface crack with 
different lengths was introduced in the modeling. In relation to the stress intensity factor 
present at the crack tip of PHILOS plate under the same loading and boundary conditions 
used in Hamandi et al. (Hamandi et al., 2018), namely KI, those were determined from 
FEA. One semi-elliptical crack was introduced on the surface of the plate at level E of the 
plate (Figure 6.19) simulating almost straight through-the-thickness cracks. Hence, cracks 
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with an arc-length of 1 mm were introduced with four different aspect ratios (a/2c = 1, 0.8, 
0.6, 0.4). The material properties were defined as elastic, homogeneous and isotropic, with 
Young’s Modulus equal to 200 GPa and a Poisson’s ratio equal to 0.265. X-ray image of 
the PHILOS construct after two years, 3D model, boundary conditions and loads are shown 
in Figure (6.20). Tetrahedral element type was applied on the model with approximately 
94,000 nodes and 55,000 elements with the use of convergence tools in ANSYS 
Workbench 19.2 (ANSYS Inc., Canonsburg, PA, USA) with five percent convergence, and 
the meshing around the crack geometry was modified to a fine mesh. 
 
Figure 6.19 The PHILOS plate and crack meshing showing the locking and cortical non locking screws 





Figure 6.20 X-ray images of the PHILOS construct after two years showing the different types of screws 
used in fixation (cannulated and talonavicular screws were excluded from this study). The 3D model (right) 
 
Modeling of Variable Angle Screws: A new model was developed assuming that variable 
angles of screws and the distance from loading will have significant effects on stress 
distribution. The model comprised of a hybrid plate with three holes, cortical and trabecular 
bones, and three screws, Figure (6.21). Two variable angle designs were developed, one 
with three locking screws (VALS) and one with three non-locking screws (VANS). 
Additionally, the screws were mounted into 13 different angles (0°, 5°, 10°, 15°, 20°, 30°, 
40°, -5°, -10°, -15°-20°, -30°, -40°) with respect to the plate. We neglected the fracture size 
and any bone deformity, as occurred with subjects, and assumed an ideal scenario to 
simulate the effect of screws angles. We tried to overcome the limitations of previous 
models. The anisotropic material properties of the bone were considered, the gait cycle 
forces applied to observe the stress distribution, and the compression against the bone 
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modeled differently between the locking and non-locking screws. The walking gait cycle 
of the knee joint was obtained from Orthoload website (Orthoload, 2018). The material 
properties of the bone were obtained from (Hamandi, F., & Goswami, T. 2017), as 
anisotropic representation of bone tissue was performed by calculating the elastic constants 
(Modulus of elasticity E, Poisson’s ratio ν, and shear modulus G) of cortical and trabecular 
parts with respect to radial, circumferential, and longitudinal directions.  
The following orthotropic relationships were used to calculate the elastic constants of 
the cortical part where the density (𝜌) is equal to 1.071 g/cm3 (Hamandi & Goswami, 
2017): 𝐸radial = 2314𝜌
1.57, 𝐸circumferential = 2314𝜌
1.57, and 𝐸longitudinal = 2065𝜌
3.09 
While, the following orthotropic relationships were used to calculate the elastic 
constants of the trabecular part where the density (𝜌) is equal to 0.997 g/cm3 (Hamandi & 
Goswami, 2017):  
 
𝐸radial = 1157𝜌
1.78, 𝐸circumferential = 1157𝜌
1.78, and 𝐸longitudinal = 1904𝜌
1.64 
 
The elastic constants and elasticity tensor components were calculated (Table 6.8) and 




Figure 6.21 The 3D model of the bone, plate, and screws. Schematic view of a nonlocking screw with 
variable angles up to 40° inclination. Gait cycle for a female during walking obtained from Orthoload.com 
 
Table 6.8 Stiffness matrix components imported into Ansys 
Elastic 
Constants 




v radial v circumferential v longitudinal G radial G circumferential G longitudinal 
Cortical  1.151 1.151 1.894 0.400 0.250 0.250 0.053 0.066 0.061 
Trabecular 13.064 13.064 21.294 0.400 0.250 0.250 5.710 7.110 6.580 
Elasticity Tensor 
Components 
C11 C22 C33 C12 C13 C23 C44 C55 C66 
Cortical  1.423 1.483 2.187 0.534 0.297 0.237 0.066 0.061 0.053 




Comparison with Experimental Work: Experimental work performed at Miami Valley 
Hospital/Biomechanics Laboratory, Dayton, OH, included twenty synthetics bones 
(Goswami et al., 2011) was compared with the proposed model, Figure (6.22). This 
comparison focuses on comparing the effect on the bone other than the plate and screws, 
as it was very important to investigate the computational simulation changes in bone 




Figure 6.22 The synthetic bone with plate fixation in the EnduraTEC BOSE machine (left). The bone shaft 






6.2.3.1 Material Conformity 
Plate chemical composition was as follows (wt%): Cr (18.48), Ni (15.6), Mo (3.52), 
Mn (1.48), and Si (0.85). Additionally, the screw sample chemical composition was as 
follows (wt%): Cr (18.56), Ni (14.8), Mo (2.81), Mn (1.57), and Si (0.56). In general, EDS 
confirmed base material matches well with ASTM and ISO standard composition (see 
appendix H.1). Though, inclusions were identified on both the plate and the screws. The 
Rockwell hardness B-scale test was conducted from where the tensile strength of the plate 
derived (Ina et al., 2018) (Hamandi et al., 2018). The tests indicated that the hardness of 
the plate was with average (105.77) was 11% higher than the ASTM standard (95), while 
the tensile strength with average 987.3 MPa was 14% higher than the ASTM standard (868 
MPa). Post-fracture data shows that there is a noticeable change in the hardness and tensile 
strength moving away from the fracture area. This may have occurred as a result of fatigue 
raising the hardness of the material near the fracture location. In addition, the tensile 
strength data shows some reduction in the elongation of the material. 
6.2.3.2 Microstructure Characterization 
The map, Figure (6.23), shows a different orientation of the distribution of the grains 
on the surface of the material. ImageJ program was used to calculate the density 
percentages of different crystallographic orientations from the map of the PHILOS plate. 
The results showed that the density percentages were the highest at {1 1 0} plane and the 
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least at the {1 1 1} plane. Literature showed that crystallographic orientation {1 1 1} is the 
least susceptible to pitting (Shahryari et al., 2009) (Park et al., 2008). This means that 
having lower densities of these crystallographic orientations increases the susceptibility to 
pitting corrosion. Additionally, the grain map showed a random distribution. This random 
distribution of the grains indicates a weak texture with grain size distribution that acts as 
an additional factor to reduce the pitting corrosion resistance. 
Figure (H.2) shows the frequency of grain size distribution for that sample area of 
316L stainless steel PHILOS plate. Additionally, twinning was observed on the map, as 
shown in Figure (6.23), which had a considerable contribution to the displacement 
mechanism of the material. Further examination of the material revealed an interaction of 
S, Ni, and Mo based inclusions that may have raised the pitting susceptibility of the device 
and suggest that the device underwent damage by pitting corrosion-fatigue mechanism and 
overloading towards the end to fail the plate and screws in two or more components, as 
discussed in Ina et al. (Ina et al., 2018). 
 
Figure 6.23 EBSD grain map of the PHILOS Plate (left). Crystallographic characterization of plate 
microstructure inverse pole Figure (right) 
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6.2.3.3 Device Failure Analysis Strategy 
Visual examination of the plate showed that it fractured into three pieces). One 
cannulated, three cortical, and three locking screws were fractured into two pieces. The 
images from the optical microscope showed scratches on both the plate and screws. Some 
of these scratches may have occurred during the removal of the device from the body or 
handling of the devices. Thread flattening was observed on locking screws and visible 
damage to the plate threading was observed as a result of in vivo micromotion, fretting 
between the screw and the bone and/or the plate, as shown in Figure (6.24). Pitting was 
observed also on the surface of the plate. ImageJ software was used to find pit aspect ratios 
(depth (a) over width (2c) ratio), as shown in Figure (H.3). The aspect ratio was calculated 
for each pit and it ranged from 0.46-1.78, and Figure (H.4) shows the density of pits aspect 
ratio distribution. Figure (H.5) plots probability of failure with respect to pits aspect ratio 
and Weibull distribution with a 95% confidence interval, and the results are shown in table 
(6.9). Also, a probabilistic evaluation was performed on different aspect ratios (0.5, 0.6, 
0.7, 0.8, 0.9, 1.0). It can be noticed that the highest distribution of the pit aspect ratio was 




Figure 6.24 Thread flattening was observed on locking screws (left, middle) and plate hole flaw (right) 
 
The fractographic investigation illustrated that the PHILOS construct crack initiation 
has followed the six-stage mechanism proposed by Goswami and Hoeppner (Goswami, T., 
& Hoeppner, D. W. (1999) where the transition from pit to crack started by incubation, pit 
nucleation, damage at a local point, pit growth, transition from pit to crack, and finally 
corrosion fatigue crack propagation. The fractography examination illustrated an evidence 
that the fracture had started at the right side of the plate where we observed the highest 
number of pits and then progressed in diagonal and perpendicular directions that led to the 
failure of the plate into three pieces. 
It was observed that most pieces showed extensive post fracture rubbing/displacement 
which obscures any obvious fracture information. However, striations were found in CS1 
and CS4. Cannulated screw showed indications of intergranular cracking, as shown in 
Figures (H.6) and (H.7). Additionally, CS1 cortical screw showed striations and river lines 
perpendicular to striations, and river lines point towards the initiation point, as shown in 
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Figure (H.8). In addition, some mechanical damage that caused by scratching the other side 
after failure can be observed, as shown in Figure (H.9). CS4 cortical screw showed shiny 
marks indicative of fatigue damage and secondary cracks; though there was no strong 
indication of directionality, as shown in Figure (H.10). Also, flattening from rubbing is 
shown in Figure (H.11). LC locking screw showed a pore or site of inclusion pull out after 
fracture (Figure H.12).  Finally, Figures (H.13 and H.14) show an evidence of Si-based 
inclusions. These have sharp points and could be crack initiators.  In general, screws 
investigation illustrated inclusions, pitting, secondary cracks, and striations that may be an 
indication of device failure as a result of the corrosion-fatigue mechanism. However, upon 
linking with the screw-holes, a crack, perpendicular to loading direction also propagated 
resulting in multiple fractures. Additionally, striations presence at the bending areas 
illustrates that the screws failed via conjoint bending and torsion fatigue mechanisms, 
discussed in another study (Goswami et al., 2011). Striation spacing was determined from 
the fractographic examination on the surface of the CS1 screw, as shown in Figure (H.15). 




which means that the relationship is nearly linear. 
The visual and fractographic examinations demonstrate that the crack started 
anteriorly then progressed in a diagonal direction, 45° to the loading direction, posteriorly. 
However, upon linking with the screw-holes, a crack, perpendicular to loading direction 




Table 6.9 Weibull Distribution Results 
Log likelihood: 185.16 
Domain: 0 < y < Inf 
Mean: 0.74913 
Variance: 0.0453871 
Parameter Estimate Std. Err. 
A 0.827193 0.0075486 
B 3.94028 0.0884813 
Estimated covariance of parameter estimates: 
 A B 
A 5.69813e-05 0.000222511 
B 0.000222511 0.00782895 
 
6.2.3.4 Computational Modeling of Failure Mechanisms 
6.2.3.4.1 Simulation of Fatigue Failure 
The stress intensity factor was estimated at the tip of the crack nodes in the form of 
six contours. The contours were used to identify the regions of high and low von Mises 
stresses. It can be noticed that the maximum von Mises stresses are at levels B-E. 
Moreover, KI values were determined for four different aspect ratios (0.4, 0.6, 0.8, and 1).  
The stress intensity factors, maximum von Mises stresses, and fracture toughness for each 
crack length are presented in table (6.10). The average value of KI was used for further 
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analysis to calculate the stress needed to cause the final failure of the PHILOS construct. 
Figure (6.25) illustrates the von Mises stress of the plate (795 MPa) with screw design B, 
2000 N axial load, 0.5 coefficient of friction between the screw and the plate, 0.1 mm 
cortical screw displacement, and 1aspect ratio. Fatigue limit at 107 cycles (stress level 
below which fatigue does not happen) corresponds to 440 MPa maximum stress level 
(Narayan, 2012). Since quantitative analysis of pits and resulting aspect ratios are much 
higher, we need to explore the pit transition to pitting corrosion fatigue crack growth 
mechanisms and life of the PHILOS constructs controlled by corrosion fatigue crack 
propagation than the durability aspects of fatigue design.  
 




(avg ± SD) 
Kmax (MPa√𝒎) 
(avg ± SD) 
∆K (MPa√𝒎) 





316l SS Fracture 
toughness (K1c) 
(MPa √𝒎) (ASTM, 
2004) 
0.4 8.12 ± 6.95 72.37 ± 3.21 40.25 ± 5.08 779.93 112 
0.6 8.44 ± 7.41 76.04 ± 2.18 43.33 ± 4.79 786.31 112 
0.8 9.37 ± 8.24 86.91 ± 2.41 48.14 ± 5.325 792.47 112 






Figure 6.25 The von-Mises stresses in the 316L SS plate with screw design B, 2000 N axial load, 0.5 
coefficient of friction between the screw and the plate, 0.1 mm cortical screw displacement, and 1 mm 




6.2.3.4.2 Modeling of Variable Angle Screws 
Previous FEA results showed that the angle of the screw might have had an effect 
on increasing the stress distribution across the screws and the plate. The results of the 26 
models (13 VALS & 13 VANS) illustrate that there is a significant difference between the 
screws at different levels, as shown in Figures (6.26) and H.17-H.20. The total 
displacement of the plate with a perpendicular angle to the neutral axis (0°) is twenty times 
higher in VANS compared with VALS, shown in Figure (6.26). The stress and 
displacement are highest at screw one (0.25 mm) and least at screw three (0.15 mm). It can 
be noticed for VALS, the displacement of screw one is 21% higher than the second screw 
and 55% higher than screw three. While for VANS the difference is more noticeable to be 
34% higher than the second screw and 70% higher than the third screw. Additionally, the 
stress and displacement increased significantly with the increase in the angle of the screws 
to be the highest at 40 degrees above the neutral axis (from the center of screw hole). 
Figures H.17and H.18 show the total displacement of the PHILOS construct with VALS 
and VANS at different angles. VALS results show that the displacement is (0.01 mm) when 
the VALS is perpendicular to the plate and increased by 1%, 14%, 26%, 39%, 53%, 68% 
as the angle increased by 5°, 10°, 15°, 20°, 30° and 40°, respectively. However, the 
displacement increased by 1%, 2% ,3%, 4%, 5%, and 6% with -5°, -10°, -15°, -20°, -30° 
and - 40°, respectively. VANS results show that the displacement is (0.25 mm) when the 
VALS is perpendicular to the plate and increased by 1, 15%, 38%, 51%, 67%, and 83% 
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with 5°, 10°, 15°, 20°, 30° and 40° and an increase of 1%, 3%, 14%, 26%, 38% and 52% 
with the negative angles of 5°, 10°, 15°, 20°, 30° and 40°.  
 
Figure 6.26 The total displacement (mm) in the 3D model of the plate with screws perpendicular to the 
plate. The VALS model (left), the VANS model (right). 
 
Figure 6.27 shows that there is a distinct difference between the positive slope of the 
upward angles and downward angles of VALS, as the upward angles results have a higher 
positive slope and the displacement of VALS with 40° upward angle is (59%) higher than 
VALS with 40° downward angle.  
Similarly, Figure 6.27 shows that there is a distinct difference between the positive 
slope of the upward angles and downward angles of VANS, as the upward angles results 
have a higher positive slop and the displacement of VANS with 40° upward angle is (21%) 
higher than VANS with 40° downward angle. Furthermore, having the VANS in downward 
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angles showed a significant increase when compared with the screws in perpendicular 
angles to the plate (52%), while there was no significant change in the VALS (6%). 
The sensitivity plot (Figure H.19) shows the relationship between the VANS angles 
and position used in the models and the total displacement results. Increasing the angles in 
upward or downward directions at screw one (close to the applied load) results in higher 
displacement (0.46 mm). However, as the screw position gets further away from the 
applied load and the VANS angle reaches 0°, then the displacement decreases as well (0.25 
mm). On the other hand, the sensitivity plot (Figure H.20) shows the relationship between 
the VALS angles and position used in the models and the total displacement results. 
Increasing the angles in the upward direction at screw one (close to the applied load) results 
in higher displacement (0.02 mm) with no noticeable increment in the downward direction. 
However, as the screw position gets further away from the applied load and the VALS 
angle decreases, then the displacement decreases to be (0.01 mm). The peak on the 














6.2.3.4.3 Comparison with Experimental Work 
Stiffness and displacement were measured for different screw combinations groups, 
as shown (see Appendix H.21). It can be noticed that displacement results are 52% higher 
in the experimental work than the finite element simulation. This may have been a result 
of the grip-to-grip change in length versus the change in length between two reference 
points in the simulations and the combined axial and torsion loads. Even though we notice 
such a change in length, the two results are acceptable with a degree of confidence. 
However, the stiffness results were in a good agreement with the experimental results. This 
establishes the applicability of finite element simulation in more complex designs, as 
shown in Figures 6.28 (a) and 6.28 (b). Figure 6.28 (a) shows the highest stiffness when 
the screws are perpendicular to the plate (0°) and the stiffness decreases as the angle 
increases to be 40° upward. While, there is no significant decline in the stiffness as the 
angle decreases in the negative side. Additionally, Figure 6.28 (b) illustrates that there is a 
significant difference between the experimental displacement results (1.2 mm) and FE 
displacement results (0.5 mm). In addition, it can be noticed that the displacement increases 






Figure 6.28 (a) The stiffness for the experimental work versus VALS FE results. (b) The displacement for 
the experimental work versus VANS FE results 
6.2.3.4.4 Fatigue analysis of PHILOS construct 
To understand the failure mechanism, it is important to estimate the number of 
cycles to failure (Nf). The X-ray images showed that the first screw failed after two years 
and the plate failed after six years. Assuming the 68 years old subject had limited activities 
with 4000 step/day (Tudor-Locke et al., 2011) for 6 years, and to calculate the number of 
cycles that led to the failure of PHILOS plate, we can multiply the number of cycles each 
day for one leg times the number of days before failure, as follows: 
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𝑆𝑐𝑟𝑒𝑤 𝑁𝑓 = 2,000
𝑐𝑦𝑐𝑙𝑒
𝑑𝑎𝑦
∗ (730)𝑑𝑎𝑦𝑠 = 1,460,000 𝑐𝑦𝑐𝑙𝑒  (6.5) 
𝑃𝑙𝑎𝑡𝑒 𝑁𝑓 = 2,000
𝑐𝑦𝑐𝑙𝑒
𝑑𝑎𝑦
∗ (2,190)𝑑𝑎𝑦𝑠 = 4,380,000 𝑐𝑦𝑐𝑙𝑒  (6.6) 
Since the cracking failed the plate, we need to invoke fracture mechanics concepts in 
our modeling methods. The life of the plate was controlled by crack nucleation via pitting 
corrosion documented and modeled in this study. We are not able to comment on the time 
it may have taken to form a pit and subsequently growing it to become an engineering 
crack. Although it is important to estimate the crack initiation stresses (𝜎) for both the 
screws and the plate, a semi-log relationship is used to calculate the stress with respect to 
the number of cycles to failure that we calculated above. 
𝜎𝑚𝑎𝑥 = 𝐴 + 𝐵 log𝑁𝑓 ,     (6.7) 
To find A and B, the ultimate stress of 316 L stainless steel (860 MPa) and the lower 
limit of fatigue at 107 cycles (440 MPa) were used, as follows 
860 𝑀𝑝𝑎 = 𝐴 + 𝐵 log(0),   (6.8) 
    440 𝑀𝑃𝑎 = 𝐴 + 𝐵 log(107),   (6.9) 
From that, A=930 and B=-70. So, the maximum stress needed to initiate the crack of the 
plate for 4,380,000 cycles to failure is 465 MPa. This means that 465 MPa is the maximum 
stress needed to initiate the fatigue crack of the plate. 
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Additionally, Paris law was used to calculate the growth of the fatigue crack. Where 
C and m are material parameters with corrosion fatigue effect equal to 8.47*10-11 and 2.3, 
respectively (Toribio et al., 2017).  
Initial crack size is 0.4, 0.6, 0.8, 1.0. The final crack size is calculated from the equation 







)2,    (6.10) 
By using the FE results in (section 6.2.3.4.1), 𝑎𝑓 is 6.57 mm, 6.46 mm, 6.34 mm, and 
6.32 mm for 𝑎0 equals to 0.4, 0.6 mm, 0.8 mm, and 1.0 mm, respectively. From that, the 
fatigue cycles that are estimated to cause fracture (𝑁𝑓) is estimated to be 2.54 * 10
4 cycles 
to cause failure with final crack size 6.5 mm.  
Moreover, the stress intensity factor (KI) that was calculated in (section 6.2.3.4.1) is 
used to calculate the stress (𝜎f) needed to cause the final failure of the plate. Newman and 
Raju theoretical approach for semi-elliptical surface crack is used to find 𝜎f (Newman, et 
al. 1986), as follows: 












, 𝜑),  (6.11) 
Where St, Hs, Q, Fs, t, and 𝜑 are remote uniform tension stress, bending multiplier for 
a surface crack in a plate, shape factor for semi-elliptical crack, boundary-correction factor 
for a surface crack in a plate, thickness, and parametric angle of the ellipse, respectively. 






)4] 𝑔𝑓𝜑𝑓𝑤,  (6.13) 
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𝑀1 = 1.13 − 0.09(
𝑎
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),    (6.14) 
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𝑄 = 1 + 1.464(
𝑎
𝑐
)1.65,    (6.20) 
Where a=0.4, 0.6, 0.8, and 1mm, b=15 mm, c=0.5 mm, t=3 mm, St=0 MPa, 
𝐻𝑠=0.098, 0 ≤ 𝜑 ≤ 𝜋,  𝜑=𝜋/2 at the deepest point of the crack and 𝜑=0, 𝜋 on the edges, 
KI values were obtained from the finite element simulation. The calculation illustrated that 
𝜎f needed to cause the final failure of the plate is 1003 MPa for 0.6 mm crack. This stress 
is significantly higher than the ultimate strength of 316 L stainless steel (860 MPa).  This 
high stress indicates that overloading took place and led to a complete failure of the device, 
which supports the idea that the nonunion of the tibiotalocalcaneal fracture that was not 
documented until 18 months after surgery resulted in high loads on the screws primarily 




This study examines the biomechanical behavior of VALS and conditions that may 
have failed a tibiotalocalcaneal construct made with SS 316L. The PHILOS device is used 
in humerus fracture fixation though recommended use also extended to the 
tibiotalocalcaneal joint examined in this study. Visual examination of the plate illustrates 
that it fractured into three pieces and the screws pulled to fracture. One cannulated, three 
cortical, and three locking screws failed into two pieces. Fractography elucidates extensive 
post fracture rubbing that affected the visualization of the obvious fracture information. 
The investigation illustrates that the crack initiation in the PHILOS construct followed the 
six-stage mechanism proposed by Goswami and Hoeppner (Goswami, T., & Hoeppner, D. 
W., 1999) where the transition from pit to crack started by incubation, pit nucleation, 
damage at a local point, pit growth, transition from pit to crack, and finally corrosion 
fatigue crack propagation. The fractographic examination proved that the fracture started 
at the right side of the plate and progressed at 45° and at 90° directions that led to the failure 
of the plate into three pieces. However, we are unable to describe these two independent 
crack growth mechanisms sequentially and whether or not the two cracks failed the plate 
instantaneously. In addition, inclusions were identified on both the plate and the screws, 
and an evidence of Si-based inclusions with sharp points was observed that could have 
been a crack initiator. On the other hand, striations were found in CS1 and CS4. Cannulated 
screw showed indications of intergranular cracking. Additionally, CS1 cortical screw 
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showed river line patterns perpendicular to striations. CS4 cortical screw showed cracks 
and flattening from rubbing. However, there was no strong indication of directionality. In 
general, screws consisted of inclusions, pitting, secondary cracks, and striations that may 
be an indication of device failure as a result of the corrosion-fatigue mechanism. 
6.2.4.1 Microstructure Characterization 
The grain size and orientation map show different orientation on the surface of the 
material. This random distribution of the grains indicates a weak texture. Twinning was 
observed on the microstructure, which had a considerable contribution to the displacement 
mechanism of the material. However, it is also possible that material contained twins. 
Shahryari et al. (Shahryari et al., 2009) linked orientation of the grains and pitting behavior 
of 316L stainless steel material. In their study, 316LVM SS samples were tested 
experimentally by using orientation imaging microscopy method. Their results showed that 
the density percentages were the highest at {1 1 0} plane and the least at the {1 1 1} plane. 
This means that having lower densities of these crystallographic orientations increases the 
susceptibility to pitting corrosion. Additionally, pitting was observed also on the surface 
of the plate, and the aspect ratio was calculated for each pit and it ranged from 0.46-1.78. 
Once a pit reaches a critical aspect ratio, it transitions to a crack. As it propagates the local 
stress-strain distribution at the wake of the crack determines how it will grow. However, 
the pits away from the crack tip, on the free surfaces, will continue to grow since it is a 
time dependent process. As a result, pits on the plate edges, from where crack started, keep 
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growing during the entire duration the device is in vivo resulting in higher aspect ratios. 
Furthermore, the material revealed an interaction of S, Ni, and Mo based inclusions may 
have raised pitting susceptibility of the device and suggest that the device underwent 
damage by pitting corrosion-fatigue mechanism and overloading towards the end to fail 
the plate and screws in two or more components.  
6.2.4.2 Computational Simulation 
The dynamic computational modeling of the PHILOS plate developed 795.05 MPa at 
2000 N axial load as a result of body weight and activity levels, which is higher than the 
fatigue limit at 107 cycles (440 MPa), meaning daily activity such as walking was high 
enough to start the initiation of the crack propagation. VALS and VANS were 
computationally modeled to support our assumption that variable angles of screws and the 
distance from loading have significant effects on plate internal fixation. The stress vs 
displacement behavior found to be dependent on where the screws are located on the plate. 
The closer the screws were to the level where the forces applied those were the regions of 
higher stress distribution. The FE results of the VALS and VANS models illustrate that 
there is a significant difference between the screws at different levels. The stress and 
displacement were highest at the first screw and least at last screw. In addition, the VALS 
displacement at screw one was 21% higher than the second screw and 55% higher than 
screw three, and it was more noticeable for VANS to be 34% higher than the second screw 
and 70% higher than the third screw.  
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The total displacement of the plate with (0°) angle was twenty times higher in VANS 
compared with VALS. This significant difference occurred as a result of fixing the locking 
screw heads to the plate in VALS that reduced the amount of allowed displacement, while 
the displacement was allowed for the non-locking screws. Additionally, the stress and 
displacement significantly increased with the increase in the angle of the screws to be the 
highest at 40 degrees above the neutral axis. FEA of VALS showed that the displacement 
is (0.01 mm) when the VALS is perpendicular to the plate and increased by 1% as the angle 
increased 5° and increased by 68% as the angle increased 40°. On the other hand, the 
displacement increased by only 6% as the angle decreased to 40°. This means that having 
the VALS in perpendicular or downward angles are more preferred than upward angles of 
more than 15°. The FEA of VANS showed that the displacement is (0.25 mm) when the 
VANS is perpendicular to the plate and increased by 1% as the angle increased 5°, 
increased by 51% as the angle increased 20°, and increased by 83% as the angle increased 
40°. Similarly, the displacement increased by 52% as the angle decreased to 40°. This 
means that having VANS in upward or dawn ward angles more than 15° is not preferred. 
In general, there is a distinct difference between the positive slope of the upward angles 
and downward angles of VALS, as the upward angles results have a higher positive slope 
and the displacement of VALS with 40° upward angle is (59%) higher than VALS with 
40° downward angle. Similarly, there is a distinct difference between the positive slope of 
the upward angles and downward angles of VANS, as the upward angles results have a 
higher positive slope and the displacement of VANS with 40° upward angle is (21%) 
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higher than VANS with 40° downward angle. Furthermore, having the VANS in downward 
angles showed a significant increase when compared with the screws in perpendicular 
angles to the plate (52%), while there was no significant change in the VALS (6%). 
The sensitivity analysis showed the relationship between the VANS angles and 
position used in the models and the total displacement FE results. Increasing the angles in 
upward or downward directions at the first screw closer to the location where the forces 
applied resulted in higher displacement (0.46 mm). However, as the screw position moves 
further away from the applied load and the VANS angle reaches 0°, then the displacement 
decreases to reach 0.25 mm. On the other hand, the sensitivity analysis of the VALS 
showed the relationship between the angles and position used in the models and the total 
displacement results. Increasing the angles in an upward direction at screw one results in 
higher displacement (0.02 mm) with no noticeable increment in the downward direction. 
However, as the screw position gets further away from the applied load and the VALS 
angle decreases, the displacement reduced. The ultimate displacement in the sensitivity 
analyses for both VALS and VANS corresponds with the upward 40° angle at screw one. 
6.2.4.3 Comparison with experimental work 
We compared the FEM results with our previous experimental work, where twenty 
synthetic bones were used. Stiffness and displacement were measured for different screw 
combinations groups. The displacement results are 52% higher in the experimental work 
than the FEA. However, the stiffness results were in a good agreement with the 
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experimental results. Additionally, the stiffness was the highest when the screws were 
perpendicular to the plate (0°) and the stiffness decreased as the angle increased to be 40° 
upward angle. While, there was no significant decline in the stiffness as the angle 
decreased. The displacement increased as the angle upward or downward changed to be 
the highest at 40° upward angle. Our FEA results are consistent with experimental work 
performed elsewhere (Lenz et al., 2015) (Tidwell et al., 2016) where VALS with 0-15° 
angle recommended in trauma surgery. In one study (Lenz et al., 2015), 2.4 mm locking 
screws from Depuy Synthes made of stainless steel and titanium-aluminum-niobium-alloy 
inserted at angles (0°-15°) with 0.8 Nm torque. Results showed that VALS performed 
better with angles less than 15°. Our FEA of VALC and VANS clearly shows the highest 
stress at 40° and lowest displacement and stress developed between 0-15°. In another study 
(Tidwell et al., 2016), 5 mm locking screws from Depuy Synthes inserted at angles (0°-
15°) and recommended minimizing the upward and downward angles would significantly 
reduce the failure. In general, the nonunion of the tibiotalocalcaneal fracture was 
documented after 18 months post-surgery, and this resulted in very high loads on the screws 
primarily and caused overloading on the plate. Additionally, the investigation suggests that 
the device underwent damage by pitting corrosion-fatigue mechanism and overloading 
towards the end to fail the plate and screws in two or more components. Furthermore, the 
angle of the screw and the distance from loading have significant effects on the plate 
fixation.  In general, both the experimental work and finite element analysis support the 




To understand the mechanics of tibiotalocalcaneal construct made with the 
PHILOS plating system, qualitative and quantitative analysis methods were applied. There 
are several factors that led to the failure. The presence of surface scratching, inclusions, 
discoloration, corrosion pits, and beach marks, cleavage and striations on the fracture 
surface. The material of construction of the device was governed by ASTM F138-8 or its 
ISO equivalent 5832 and exhibited inconsistencies in chemistry and hardness 
requirements. An interaction of S, Ni, and Mo based inclusions that may have raised pitting 
susceptibility of the PHILOS construct. These features suggest that the device underwent 
damage by pitting corrosion-fatigue mechanism and overloading towards the end to fail 
the plate and screws in two or more components. Upon linking with the screw-holes, a 
crack, perpendicular to loading direction also propagated resulting in multiple fractures. 
The screws failed via conjoint bending and torsion fatigue mechanisms. VALS and VANS 
computational simulation illustrated that the stress vs displacement behavior found to be 
dependent on where the screws mounted on the plate and having the VANS in downward 
angles showed a significant increase in maximum stress when compared with the screws 
in perpendicular angles to the plate, while there was no significant change in the VALS. 
Both the experimental work and finite element analysis support the assumption that fixing 




6.3 FAILURE ANALYSIS OF A FEMORAL CEPHALOMEDULLARY NAIL 
6.3.1 Introduction 
The device being examined is a fractured cephalomedullary femoral nailing system. 
Since these nails are inserted into the bone itself, it has several advantages over previous 
methods of healing fractured long bones. The older methods of restoring long bones 
required for the patient to be immobilized for long period of time (Schatzker, J., 2005). The 
main reason for long healing period is that the bone fracture was simply supported by a 
plaster cast and not fixed in place. Any movement on part of the patient would cause the 
bone to shift and the fracture would either heal incorrectly causing a deformity or fail to 
heal at all (Hernández et al., 2006). The intramedullary nail, on the other hand, is fixed to 
the bone itself with locked screws and nuts that share the load of the bone. This means that 
the patient can recover more quickly and isn’t completely immobilized for the duration of 
the recovery (Seo et al., 2016). 
 A cephalomedullary nail is a particular type of intramedullary nail that is designed 
to stabilize the proximal portion of the femur. Its primary characteristic is the large self-
tapping that is implanted within the medullary cavity of the femoral head. This makes the 
cephalomedullary nail an ideal treatment method for intertrochanteric femoral fractures, 
which are known by their more common name hip fractures. According to the Center for 
Disease Control and Prevention (CDC), nearly 300,000 people over the age of 65 will 
suffer a hip fracture every year. It comes as no surprise that 95% of these hip fractures are 
the result of a fall (CDC, 2018). 
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In the field of failure analysis, striations are a physical feature associated most 
commonly with fatigue loading (Sun et al., 2005). These features can be observed in a 
variety of physical appearances and characteristics. On the macroscopic level, striations 
often appear much like the ring of a tree stump, moving outward growing from the surface 
crack deeper into the material. On the microscopic level, striations appear much like a 
series of ridges (Hernández et al., 2006). As mentioned above striations are most typically 
associated with fatigue failure. These sorts of failures result from the application of cyclic 
loading and start in a localized area of part where there is usually very high shear stress. 
The high shear stress results in that area to become brittle and eventually creates a 
microscopic surface crack. The continuation of this cyclic loading will cause the crack to 
propagate creating the distinct striations markings. If left alone, the crack will continue to 
grow until the part can no longer bare the load and will completely break apart. At this 
point, the striations will stop and start showing the characteristics of an overloading failure 
(Hernández et al., 2006). Although mechanical fatigue is usually the most common reason 
for striations to appear it is important to note that it isn’t the only reason striations can occur 
in a surface crack. Another way that striations can be formed is called a stress corrosion 
cracking. This form of striation forms where materials are exposed to a highly corrosive 
environment. If a surface crack is exposed to corrosion environment, the corrosion fatigue 
crack growth can also appear to be very striated but will like the ridging that will be formed 
in mechanical fatigue (Joshi, V. A., 2006). 
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6.3.2 Case Study 
A fractured Titanium Trochanteric Fixation Nail System (TFN) made of T-15Mo 
(TiMo) titanium alloy, originally manufactured by Depuy Synthes, was investigated for the 
failure mechanism(s) responsible for its failure. The failed device was received in the 
condition shown in Figures (6.29) and (6.30). The fractured pieces were analyzed to 
determine the mechanism of failure. The device was used by a patient that had a right 
intertrochanteric femoral fracture. The proximal part of the nail was fixed with a helical 
blade (80 mm in length). Additionally, two screws were used for the fixation of the distal 
part of the nail. 
 




Figure 6.30 Closer look at the helical blade and screws 
 
6.3.3 Visual Examination 
Visual examination demonstrated that the nail fractured into two pieces. After 
examining the different parts of the failed femoral nail there seems to be likelihood of a 
number of different events. First, there is evidence on the helical blade that suggests that 
the screw may have made contact with the interior wall of the nail while being implanted 
within the body, as shown in Figure (6.31). Additionally, there is evidence of fatigue shiny 
area, a good indicator of mechanical fatigue being present up to the point the device failed, 
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as shown in Figure (6.32). In addition, there is evidence of overloading failure mode. Based 
on the observed evidence, it is possible that during the implanting process the nail and 
helical blade may have been contacted with the interior wall of the nail causing some level 
of surface damage on both parts. It is possible that this surface damage on the nail allowed 
for a surface crack to form. Through the regular loading the nail undergoes, the surface 
crack would propagate due to the tension and shear stress on the surface of the nail. The 
propagation of cracks formed the striations seen on the failed device. This continued for a 
period of time up unto the crack grew to the point where the structure of the nail could no 
longer withstand the load and catastrophically failed. 
 
Figure 6.31 Evidence on the helical blade that suggests that the screw may have made contact with the 





Figure 6.32 Beach marks, a good indicator of mechanical fatigue 
 
6.3.4 Optical Microscopic Examination 
The surface topology was mapped with an optical microscope. There appears to be 
a micro crack located in the area before the fatigue damage starts. It is possible that this 
micro crack could have started the crack propagation leading to device failure. After the 
crack grew under fatigue loading the device weakened to the point of total failure and 
needed to be removed from the patient. Microstructure of the nail material was investigated 
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by removing a (2 mm) ring of the nail from most distal portion. Other failed segments of 
the nail made with T-15Mo (TiMo) titanium alloy were characterized using a scanning 
electron microscope. The specimens were cut from their respective areas with the use of 
an abrasive circular saw. This method was preferred over a typical saw blade which has a 
much smaller depth of cut, thus leaving a cleaner cut surface. The ring portion, was 
mounted, polished and etched. Sandpaper and diamond partial solution were used to further 
polish the surface to the necessary specifications. 
6.3.5 Fractographic Examination 
Optical and scanning electron microscopes were used to document the fracture 
surface characteristics such as extensive scratching, plastic deformation, rubbed surfaces, 
discoloration, and pitting, along with cleavage, cracking, deposits of debris, striations, and 
dimples. A PEMTRON scanning electron microscope (SEM PS-230, Seoul, Korea) with 
10 KV was used to perform the fractographic examination. A small portion of the failed 
surface was coated with Silver (Ag) paint. This allowed the electrons discharge from the 
specimen to observe the surface under the SEM. Figure 6.33 shows the failed surface 
illustrating the crack initiation, propagation, and final failure areas. Figure 6.34 shows the 
topographical SEM image of the fractured surface with beach mark, while the fracture 
failure is shown in Figure 6.35. The investigation revealed the fracture initiation area, the 
fracture split area, and fractured surface striations, as shown in Figures 6.36, 6.37, and 6.38, 
respectively. The EDAX results from the three selected areas (Figure 6.39) were shown in 





Figure 6.33 The failed surface showing crack initiation, propagation, and final failure areas 
 
 





Figure 6.35 Topographical SEM image of the fracture failure 
 
 





Figure 6.37 Topographical SEM image of the fracture split 
 





Figure 6.39 Topographical SEM image of the fractured surface showing the three selected areas for EDAX 
 
6.3.5.1 Material Conformity 
The metallographic qualitative analysis was performed based on ASME F620-00 
and ASTM F2066-18 (ASTM F1295-05, 2005) (ASTM F2066-18, 2018). A sample from 
the nail was taken. Cutting, mounting, and polishing were performed to prepare the sample. 
The polishing was done with different grades of silicon carbide papers (320–600 grit) and 
diamond abrasive solutions (9–0.01 μm). After the polishing, X-ray energy dispersive 
spectroscopy (EDS, Thermo Fisher Scientific, Hillsboro, OR, USA) was performed on the 
nail sample surface, and the results were compared with the ASTM standards ASME F620-
00 and ASTM F2066-18 reported for T-15Mo (TiMo) titanium alloy to ensure that there is 
no significant difference that might have caused the failure (ASTM F1295-05, 2005) 
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(ASTM F2066-18, 2018). The EDAX results from the three selected areas (Figure 6.39) 
were shown in Figure 6.40, and the Figure shows the peaks of different element weight 
percent in the nail. 
Figures (6.41 – 6.45) show the EBSD run on XL-30, 25kv, spot size 5, 100um 
aperture. The OIM analysis performed using Ti alpha and Ti beta patterns. The Figures 
show that the microstructure is predominantly Ti-beta phase, with some intergranular Ti-
alpha phase, and Ti-beta phase is very strongly textured. Additionally, grain size of Ti-beta 











Figure 6.41 Inverse Pole Figure Grain Map (Texture). EBSD run on XL-30, 25kv, spot size 5, 100um 
aperture. OIM analysis performed using Ti alpha and Ti beta patterns 
 
 
Figure 6.42 Pole Figure and IPF for Ti-Beta (Texture) 
233 
 
                
                           
Figure 6.43 Grain Map (no color correlation to orientation) 
 
 





Figure 6.45 Grain size (µm) with respect to area fraction 
 
6.3.6 Computational Modeling 
6.3.6.1 Finite element analysis 
Three-dimensional models of the nail, helical screw, and two locking screws were 
constructed using SolidWorks (Dassault Systèmes SolidWorks Corp., Concord, MA, USA) 
and imported in ANSYS Workbench 19.2 (ANSYS Inc., Canonsburg, PA, USA) to 
simulate the loading conditions and regions of stress development. The dimensions of were 
taken from the Synthes brochure (Synthes, 2018), and the nail was measured from the 
submitted samples, Figure 6.30. The 3D model of the device is shown in Figure (6.46). 
With the constructed 3D model completed, it was possible to perform the finite element 
analysis. Ansys software was used to perform the analysis. The tetrahedral meshing was 
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used in the simulation with 2,146,674 nodes and 478,540 elements (shown in Figure 6.46) 
The testing conditions were set such that the body of the nail was made of titanium alloy 
Ti-15Mo, while the screws were made of Ti-6Al-7Nb and the ambient temperature was set 
to the average human body temperature.  The long shaft body was set to be fixed as this 
portion would be deeply imbedded within the long bone of the femur. Figures (6.47) and 
(6.48) show the amount of contact forces and moments on the hip during different 
activities. The model was loaded with a normal walking gait cycle as well as 13Nm bending 
moment, and the body weight of the patient was assumed to be 80 kg.  
 




Figure 6.47 the 3D model of the femoral bone 
 
 





Figure 6.49 Frictional, bending moments during different activities (Farhoudi et al., 2016) 
 
6.3.6.1 Results 
Figures (6.50) and (6.51) show the von Mises stress and deformation distribution 
across the device, respectively. It was observed that the maximum stresses were on the 
contact area between the nail and the helical screw. Additionally, the maximum stress was 
518.11 MPa. However, for the fatigue limit at 107 cycles, the maximum stresses should be 
equal to, or less than, 580 MPa to be in the safe region (Niinomi, 2007). At this level, the 
developed stresses would have not led to any plastic deformation and some overload might 
be needed to cause premature failure. As a result estimation of the actual loading behavior 
of the plate from the activities of daily living of the individual, together with mechanical 
parameters, we can assume that the device might failed as a result of overload, or it is likely 
that some initial damage accord which allowed for a surface crack to form and with the 




Figure 6.50 The von Mises stress distribution across the device 
 
 





A fractured femoral nailing system is investigated for clinical and mechanical 
reasons responsible for the failure. The simple task of loading and unloading the nail 
through regular cycles is not likely the initial cause of the failure. The nail holds up well 
under regular loading conditions and would likely not cause a failure on its own. Though, 
there is an evidence to suggest that the nail could have taken some damage when the helical 
screw was inserted.  It is entirely possible that the initial damage could have been the 
catalyst to propagate a surface fracture. Additionally, the optical and fractographic 
examinations demonstrated that there is an evidence of fatigue striations that is a good 
indicator of mechanical fatigue. In addition, the investigation showed that there is an 
evidence of overloading failure mode. Based on the observed evidence, it is possible that 
during the implant of the nail that the helical blade made contact with the interior wall of 
the nail causing some level of surface damage on both parts, and the surface damage on 
the nail allowed for a surface crack to form. Then, the surface crack would have propagated 
due to the tension and shear stress on the surface of the nail. The propagation of cracks 
formed the striations seen on the failed device. This continued for a period of time up unto 
the crack grew to the point where the structure of the nail could no longer withstand the 





CHAPTER SEVEN : MICRODAMAGE ACCUMULATION 
OF THE BONE 
Studies showed that approximately ten million people ages 50 and older have osteoporosis 
and approximately 34 million people have osteopenia in the USA (Dempster, D. W., 2011), 
and 30% of them are women with the age 65 and older (Kanis, J. A., 2007)., where the 
main reasons for osteoporosis are the decrease in the estrogen levels, aging, glucocorticoid, 
and immobilization (Bartl, R., & Frisch, B., 2009) (Johnell, O., 1996). In the USA, it is 
expected that the number of hip fractures will reach 280,000 annually and reaches 6.3 
million worldwide by 2050 (Stepnick, L. S., 2004) (Brauer et al., 2009) (Cauley et al., 
2016) 
Improving computational simulation and providing more realistic representation of 
the bone taking into account the multilevel hierarchical structure of the bone is very crucial. 
This improvement will be significantly valuable in customized patient treatment, tissue 
syntheses development, and many other applications that will expand and improve future 
medicine. 
Prediction of bone fracture risk is clinically challenging. Hence, computational 
modeling plays a vital role in the diagnosis and investigating bone diseases. These 
investigations can lead in the development of novel therapies. The main limitation in bone 
mechanics research is that the vast majority of researchers used isotropic homogeneous 
mechanical properties to define the bone structure whereas the bone is anisotropic. The 
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objectives of the current research were to demonstrate the anisotropic non-homogeneity 
structure of the bone at micro-level taking into consideration the density and subject 
demography such as age, gender, body mass index (BMI), height, weight, and their role in 
causing fracture. Microlevel modeling of the bone is essential to understand the microcrack 
initiation, propagation, and improve diagnostic techniques. In this study, the imaging data 
of the 307 subjects were reduced to investigate new morphological parameters that play 
significant effect on the physical properties of the bone. Additionally, we investigated the 
change in the morphological features with respect to age, gender, and race. The main 
morphologic features investigated include porosity, interconnectivity, pore size, 
anisotropy, and the cross-sectional area. MATLAB and ImageJ programs were used to 
investigate the features quantitatively. The simulations showed that the porosity is higher 
in caucasian individuals than the black and decreased as the density increased. 
Additionally, it was noticed that the interconnectivity higher in female, and there was a 
significant difference between male and female. This research found that the maximum 
von Mises stress was the highest in the young black male (135.22 MPa) and the least in the 
old Caucasian female subjects (61.69 MPa) and decreased as the age increased. The gender 
has a significant effect on the maximum von-Misses stress, it was significantly higher in 
males than females (p=0.001). Moreover, the total life when simulated for 106 number of 
cycles, showed that as the maximum von-Misses stress decreased cyclic life increased, and 
it was higher in the black subjects and the least in the caucasians. In general, age and gender 
have significant effects on micro damage distribution in the bone. The density and ultimate 
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tensile strength decreased drastically in elderly, indicating the same fixation devices and 
implants for younger subjects may not be suitable. Different therapeutic techniques should 
be considered for older patients. Furthermore, race should be considered during modeling 
implants or suggesting therapeutic techniques. Caucasian subjects are more susceptible to 
fatigue failure than other races. 
7.1 INTRODUCTION 
Biological tissue is not like any other engineering materials, as it has the ability for 
self-repair and adaptation (Chen et al., 2011) (Williams, 2014) (Kim et al., 2011) (Fonseca 
et al., 2014) (Chen and Liu, 2016). Bone tissue self-repair can heal any microdamage (Kim 
et al., 2011). However, there are a lot of factors that reduces bone’s ability to repair itself 
and result in fatigue fractures. Such fatigue induced bone fractures are seen in military 
personnel, athletes, and elderly. The main concern with this type of fracture is the onset of 
microcrack formation and propagation to complete bone fracture. Microlevel modeling of 
the bone is essential to understand the microcrack initiation, propagation, and improve 
diagnostic techniques. 
Since with aging the susceptibility to tissue damage increases (Choi, S. J. 2016) as 
well as bone fracture risk significantly in elderly leading to mortality (Johnell et al., 2004) 
(Alegre-Lopez et al., 2005) (Empana et al., 2004) (Frahmand et al., 200) (Franzo et al., 
2005) (Karagiannis et al., 2006) (Muraki et al., 2006) (Lee et al., 2007) (Paksima et al., 
2008) (Pande et al., 2006) (Tosteson et al., 2007) (Vestergaard et al., 2007) (Vidal et al., 
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2006). Currently, bone density is the main focus to investigate bone fragility (Van 
Oostwaard, M., 2018). However, there are other factors that need to be taken into 
consideration. In this study, we investigate the effect of morphological parameters and 
microcracking on the mechanical properties of the bone. It is essential to be able to 
diagnose fracture risk in its early stages to enhance treatment. Understanding the multilevel 
structure of the bone is essential in improving diagnosis and treatment.  
The trabecular part is a porous tissue with more than 50% porosity that filled with 
bone marrow (Liu, X., & Ma, P. X., 2004). Trabecular bone matrix is composed of 
trabeculae with 100-200 µm thickness with variable arrangement and orientation that 
depend mainly on the loading mechanism of the bone (Martin et al., 2015). The cortical 
bone can be found in the outer cortex of long bones surrounding the cancellous part. On 
the other hand, the trabecular bone can be found in the flat bones, irregular bones, and at 
the ends of long bones (Liu, X., & Ma, P. X., 2004) (Martin et al., 2015). The cortical part 
is very dense with less than 10% porosity. The porosity is formed by Haversian canals and 
resorption cavities (Burr and Allen, 2019). Haversian canals are long canals with 50µm 
diameter and connected with each other through Volkmann’s canals. While, resorption 
cavities represent a vital part for bony ingrowth with 200µm diameter (Martin et al., 2015). 
At the microscopic level, the compact bone is composed of lamellae that are regular 
cylindrical in shape. On the other hand, the cancellous bone is composed of irregular 
lamellae. Literature showed different perspectives regarding the similarities and 
differences between the two types of bone. Some studies proposed that both cortical and 
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trabecular parts have similar chemical and mechanical properties (Fridez, P., 1996) (Carter, 
D. R. and Hayes, W. C., 1977) (Zysset, P. K., 1994). While, other studies proposed that 
each bone type has its own properties. As cortical and trabecular bones have different 
porosity, chemical composition, and mechanical behavior, we believe that they should not 
be considered.  
Investigating the bone at the micro-level (10 µm- 500 µm) focuses on the main 
morphological features which are the porosity, interconnectivity, pore size, anisotropy, and 
cross-sectional area. During the modeling, four morphological features should be taken 
into consideration. The porosity represents the main feature at the micro level, which is the 
relation between the pore over the specimen volume. The second feature is the 
interconnectivity, which is the interconnected pores volume over the total porosity volume. 
The pore size, which can be defined as the pore diameter and the non-homogeneity in the 
alignment of fiber patterns. 
 
7.2 MATERIALS AND METHODS 
Research was conducted in accordance with the ethics protocol approved by the 
Health and Research Board (# 06413) at Wright State University, USA. Imaging data 
collection focused on lower extremity long bones and divided into three major categories, 
including normal, fractured, and bone with fixation devices. Data collected included 307 
subjects, demography such as age, gender, body mass index (BMI), height, and weight, as 
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well as the clinical indication reported by the radiologist. We classified the selected 
subjects into caucasian, black, asian, and mixed. The current investigation divided into two 
parts. First, the morphological features of the bone at micro level were investigated (section 
2.1). Second, the damage accumulation and fatigue crack propagation were investigated 
using computational simulation (section 2.2). Data was tabulated and graphs were 
generated using Excel, JMP, SAS, and MATLAB. 
7.2.1 Morphological Features of the Bone at Micro Level 
7.2.1.1 Porosity 
3D model of the bone was developed using mimics program. The literature focused 
on investigating the porosity of the bone in two-dimensional (2D). Since 2D studies do not 
provide a realistic representation of the bone structure especially at microlevel, we 
investigated the porosity in 3D. MATLAB code was developed to calculate the pore 
volume (VP) and the model volume (VM). Second, the porosity (P) was calculated using 
equation (7.1): 
P = (VP / VM )× 100%         (7.1) 
7.2.1.2 Interconnectivity 
The interconnectivity was measured by deriving the volume of interconnected pore 
(VIP) over the total pore volume (VTP). MATLAB was used to calculate VIP and VTP . Then, 
the interconnectivity (I) was calculated using equation (7.2): 
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I = VIP / VTP            (7.2) 
Connectivity was determined from each of the 26 neighborhood voxels, as shown in Figure 
(7.1). Then the interconnected pores volumes were calculated using MATLAB. 
 
Figure 7.1 Measuring connectivity, each of the 26 neighborhood voxels of the 3D models  
 
7.2.1.3 Anisotropy 
The anisotropic structure of the bone at microlevel, a voxel based finite micro cubes 
were generated using MIMICS, (Figure 7.2). The gray values were measured for each point 
in the bone model. Secondly, HU was calculated for each point using a MATLAB 
subroutine code in Mimics. Third, the modulus of elasticity and Poisson’s ratio were 
calculated from HU. The 3D models and the material properties were exported and the 
Ansys program was used to perform the finite element analysis. Figure (7.3) illustrates the 




Figure 7.2 Measuring the gray values for each point in the bone model 
 
 
Figure 7.3 The 3D micromodel of the bone including both the cortical (red) and trabecular (blue) 





7.2.1.4 Pore angle 
Our research on nanoscale modeling demonstrated that orientation plays a 
significant role in bone mechanical properties. Therefore, it was essential that we 
investigate the effect of the orientation at microscale on the whole bone mechanical 
properties. The pore angles were measured for each model using ImegeJ and Python. 
 
7.2.2 Computational Simulation 
Investigating the bone at microscale is very challenging. A computational modeling 
plays a significant role. Two frame works were used to investigate the bone at microlevel. 
First, the damage accumulation in normal healthy bone was modeled. Second, a crack was 
introduced on osteoporotic bone, and fatigue crack propagation was investigated. Mimics 
program was used to develop the 3D models, and the anisotropic material properties 
allotted. The damage of the bone at the microlevel was modeled by using SolidWorks and 
Ansys programs. Age, gender, and race effect on the bone were investigated. 
 
7.2.2.1 Creating the model 
The three-dimensional bone models were developed in two steps. Firstly, the CT 
images were imported into MIMICS 22.0 program to create the 3D models of the bone, as 
shown in Figures (7.4) and (7.5). The cortical and trabecular components were created 
depending on the difference in density between them. The whole bone model was divided 
into small parts with sizes approximately 20 mm3, and each part was simulated separately. 
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Second, the final model has been imported into SolidWorks (Dassault 
Systèmes SolidWorks Corp., Concord, MA, USA) to make the final improvements. 
 
 
Figure 7.4 Example of 3D micromodel of the bone including both the cortical (red) and trabecular (blue) 
parts developed using MIMICS 
 
 
Figure 7.5 Example of 3D micromodel of the bone including only trabecular part 
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7.2.2.2. Material definition 
The proposed material properties of the bone consider the anisotropic of the bone 
with its two types, the cortical and trabecular. The trabecular bone is a spongy region; its 
density is lower than that of the cortical region, which is the hard and dense part of the 
bone. Previously, we have developed novel procedures to approximate the modulus of 
elasticity (E) of the bone depending on Hounsfield units (HU) and density (𝜌) (Hamandi 
& Goswami, 2017). To give a realistic approximation for the bone tissue material 
properties, nine elastic constants were provided depending on the orientation of principal 
axes of orthotropy. Within MIMICS program, the Hounsfield units (HU) were used to 
calculate the density (𝜌) across each segment, and then the young’s modulus (E) has been 
calculated in the radial, axial, and circumferential directions. Figure (7.6) shows the HU 
distribution across the femoral bone CT images. 
 
 
Figure 7.6 Hounsfield units (HU) distribution across the femoral head 
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The mathematical relationship between Hounsfield units (HU) and effective 
density (𝜌) that has been applied in MIMICS was (𝜌 = 0.0000464 𝐻𝑈 + 1), where the 
unit for the effective density (𝜌) is (g/cm3). The CT slices were used to align the orientation 
of each segment material. Also, the orthotropic relationships between the elastic constants 
and the density are different for the cortical and trabecular parts (shown in table (7.1)) as 
described earlier. Appendix I shows the material properties and the nine elastic constants 
for each of the 307 subjects investigated. Finally, the material properties have been 
imported into ANSYS Workbench 2019R (ANSYS Inc., Canonsburg, PA, USA). This 
procedure has been discussed in detail in our previous efforts (Hamandi, F., & Goswami, 
T., 2017). To validate the importance of studying the bone at micro level, the finite element 
simulation of the whole bone was performed depending on the microscale results and 
compared with isotropic and anisotropic macro level simulations. These simulations are 
extremely important in order to understand the effect of each bone structure at the 
microlevel on the whole bone.   
 
7.2.2.3 Finite Element Mesh 
Tetrahedral element type was used in this study with a minimum element size of 
0.02 mm, as shown in Figure (7.7). The final model, which has been modified by 
SolidWorks, was imported into ANSYS Workbench 2019R. The finite element mesh was 
adapted automatically through the program. Following mesh convergence checks, the total 
number of nodes 2,369,502 and the total number of elements was 1,330,536 for the micro 
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model of the bone shown in Figure (7.7). In order to achieve repetitions of results within 
five percent, the meshing was refined with small increment size. 
 
Figure 7.7 Three-dimensional microstructure meshing of the bone 
 
7.2.2.4 Loads and Boundary Conditions 
To mimic physiological loading during normal walking, the reconstructed gait 
loads in the model were applied as a time-dependent analysis along its longitudinal axis. 
The gait cycle for walking was imported from HIP98® program. In this program, total hip 
replacement joints on different patients were studied and their movements were compared 
with the normal movements during different activities (Bergmann, 2001).  Triaxial load 
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(Fz = vertical direction force, Fy and Fx = anterior-posterior and medial–lateral forces, 
respectively) was applied to mimic the multiaxial loading condition from the gait pattern 
during walking. A model fully fixed at the distal end was used in this study. The dynamic 
loads of hip contact are shown in Figure (8) for walking condition. In this study, 106 
numbers of cycles have been used assuming that the average number of human walking 
cycles in one year is (1,000,000/year). 
 
Figure 7.8 The force components of the hip contact force for walking (G. Bergmann, 2001) 
 
7.2.2.5 Simulation of damage accumulation 
The amount of damage experienced by the body is quantified by a single damage 
variable D. The damage variable D = 0 when the material is undamaged. While the damage 
variable D = 1 when the material totally failed. According to Miner’s rule, damage equation 
is: 




𝑖=0           (7.3) 
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where ni is the number of cycles occurred at a stress range, and Nfi is the number of cycles 
to failure at the given stress level. In the case of anisotropic damage, the relation among 
the damage variable 𝐷, stress, and strain: 
                                                          𝜎𝑖𝑗 = (1 − 𝐷)𝐶𝑖𝑗𝑘𝑖 𝑘𝑙                    (7.4) 
where D denotes the damage variable, σij the stress components, εkl the strains and Cijkl are 
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            (7.5) 
And,  
  
𝐶11 = 𝐸1(1 − 𝜈23𝜈32)ζ = 𝐸1(𝜈23 − 𝜈2ℎℎ3𝜈32)Υ
𝐶22 = 𝐸2(1 − 𝜈13𝜈31)ζ = 𝐸1(𝜈23 − 𝜈2𝑣𝑐3𝜈32)Υ
𝐶33 = 𝐸3(1 − 𝜈12𝜈21)ζ = 𝐸1(𝜈23 − 𝜈23𝑣𝜈32)Υ 
𝐶12 = 𝐸1(𝜈21 − 𝜈31𝜈23)ζ = 𝐸2(𝜈12 − 𝜈13𝜈32)ζ
𝐶13 = 𝐸1(𝜈31 − 𝜈21𝜈32)ζ = 𝐸3(𝜈13 − 𝜈23𝜈12)ζ
𝐶23 = 𝐸2(𝜈32 − 𝜈12𝜈31)ζ = 𝐸3(𝜈23 − 𝜈21𝜈13)ζ
𝐶44 = 𝐺23(𝜈21 − 𝜈31𝜈23)Υ = 𝐸2(𝜈12 − 𝜈13𝜈32)Υ
𝐶55 = 𝐺31(𝜈21 − 𝜈31𝜈23)Υ = 𝐸2(𝜈12 − 𝜈13𝜈32)Υ
𝐶66 = 𝐺12(𝜈21 − 𝜈31𝜈23)Υ = 𝐸2(𝜈12 − 𝜈13𝜈32)Υ
                                    (7.6) 
 
Where E denotes the Young’s modulus, G shear modulus, and 𝜈 Poisson’s ratio. The 
superscript numbers denote: 1 for radial direction, 2 for circumferential direction, and 3 for 




    ζ =
1
(1−𝜐12𝜐21−𝜐23𝜐32−2𝜐21𝜐32𝜐13)
                       (7.7) 
Appendix I shows the elasticity tensor components for each material group calculated by 
using equations (7.6) and (7.7). The proposed model of macrodamage accumulation of the 
bone tissue can be written as: 
              𝐷 = (
(𝐶𝑖𝑗𝑘𝑙𝜀𝑘𝑙)−𝜎𝑖𝑗
𝐶𝑖𝑗𝑘𝑙𝜀𝑘𝑙
)                                           (7.8) 
 
And by applying equation (7.8), the final equation for damage is: 



















)     (7.9) 
 
7.2.2.6 Simulation of Fatigue Failure 
The stresses on the bone vary continuously during the gait cycle resulting from 
activities of daily living such as walking or stairs climbing. It’s well known that fatigue 
precedes an incubation period which is both cycle and time dependent. However, 
microcracking of sufficient size can form a crack which may propagate under steady state 
condition or lead to tertiary crack propagation phase where abrupt failure may occur. In 
order to understand how the crack nucleates and propagates at the microlevel, a surface 
crack with different lengths was introduced in the modeling. In relation to the stress 
intensity factor present at one trabecula under the same loading and boundary conditions 
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used in Hamandi et al. (Hamandi et al., 2020), namely KI, those were determined from 
FEA. One semi-elliptical microcrack was introduced on the surface of the bone simulating 
almost straight through-the-thickness cracks. Hence, microcracks with an arc-length of 1 
µm were introduced with four different aspect ratios (a/2c = 1, 0.8, 0.6, 0.4). Anisotropic 
material properties were applied to the models. Tetrahedral element type was applied on 
the model with approximately 110,042 nodes and 60,000 elements with the use of 
convergence tools in Ansys with five percent convergence, and the meshing around the 
crack geometry was modified to a fine mesh. 
 
7.3 RESULTS AND DISCUSSION 
7.3.1 Morphological Features 
To be able to calculate the porosity, a 3D model of the bone was developed using 
mimics program. To measure the porosity, a MATLAB code was developed to calculate 
the pore volume (VP) and the model volume (VM). Figure (7.9) shows that the porosity is 
higher in caucasian than black. Additionally, percentage of porosity decreased as the 
density increased. The results demonstrate that the porosity increases with age for all races 
and it was higher in Caucasian cases (Figure 7.10). It can be observed that there is a wide 
variation and the data points are scattered, but the charts clearly show that as age increases, 
the density goes down. However, they did not show significant difference with 95% 
confidence interval (See Appendix J). 
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The Bivariate Fit (Figures 7.11 and 7.12) shows the linear fit and the prediction 
equations of the porosity with respect to density, as follows: 
𝑃% = 74.388298 −  33.566028 × ρ ,   for black subjects 
𝑃% =  92.31009 −  54.373491 × ρ ,    for caucasian subjects 
𝑃% = 81.898459 −  41.300581 × ρ,   when race not considered 
 
 
Figure 7.9 The relation between Porosity and density with respect to race 
 
 











Figure 7.11 (a) Bivariate Fit of Porosity by Density (Black). (b) Bivariate Fit of Porosity by 















The interconnectivity was measured by deriving the volume of interconnected pore 
(VIP) over the total pore volume (VTP). MATLAB was used to calculate VIP and VTP. The 
results show that the interconnectivity decreased as the density increased. The 
interconnectivity was higher in female, as shown in Figure (7.13). Student’s t test (Figure 
7.14) shows that there is a significant difference between male and female interconnectivity 
at 95% confidence interval. 
 
Figure 7.13 The relation between interconnectivity % and density with respect to gender 
 
 




To model the anisotropic structure of the bone at micro level, a voxel based finite 
micro cubes were generated using MIMICS. The results show that the density decreases 
with age across the whole bone. Additionally, there was a significant difference between 
different races. 
7.3.1.3 Pore angle 
Our previous work on nanoscale modeling demonstrated that orientation plays a 
significant role in bone mechanical properties. As of that, it was essential to investigate the 
effect of the orientation at microscale on the whole bone mechanical properties. The pore 
angles were measured for each model using ImegeJ. Figure (7.15) shows the frequency of 
pore angle distribution. The results show that there is a relation between density and 
orientation. 
 
Figure 7.15 The frequency of pore angle orientation of the micro model of the bone 
262 
 
7.3.2 Computational Simulation 
Investigating the bone at microlevel is very challenging. To be able to understand 
what occurs at the microlevel of the bone, a computational modeling plays a significant 
role. Two frame works were used to investigate the bone at microlevel. First, the damage 
accumulation of normal healthy bone was modeled. Second, a crack was proposed on 
osteoporotic bone, and fatigue crack propagation was investigated. Mimics program was 
used to develop the 3D models, and the anisotropic material properties were used. Age, 
gender, and race effect were investigated. 
The results show that the maximum von Mises stress was the highest in the young 
black male subject (135.22 MPa) and the least in the old Caucasian female subject (61.69 
MPa). The results of young, middle age, and old subjects for both male and female of 
different races (Black, Caucasian, and Mixed) are shown in table (7.1) and Figures (7.16), 
(7.17), and (7.18). Additionally, the Figures show that the von Mises stresses increased 
approximately by 30% as the porosity decreased, and it was higher in the trabeculae with 
parallel orientation (0°) when compared with the perpendicular parts (90°). Additionally, 
the results show that as density increases, the capacity to withstand the load increases and 
as a result the maximum von mises stress goes up. In general, as age increases the porosity 
and interconnectivity increase, which means that there is no material or load sharing to 




Table 7.1 The von-Misses stress (MPa) for the normal healthy bone micro models 
 Young Middle Age Old 
Black    
Female 123.6573709 93.8300214 75.54244078 
Male 135.2153153 120.1254781 103.9518914 
Caucasian    
Female 105.913427 76.85471494 61.69768723 
Male 118.9457823 110.9722466 96.42340342 
Mixed    
Female 108.9664493 80.765890 69.93656735 







Figure 7.16 The von-Misses stress for the femoral bone micromodels for black young, middle age, and old 









Figure 7.17 The von-Misses stress for the femoral bone micromodels for Caucasian young, middle age, 










Figure 7.18 The von-Misses stress for the femoral bone micromodels for Mixed race young, middle age, 







7.3.2.1 Simulation of Fatigue Failure 
The stress intensity factor was estimated at the tip of the crack nodes in the form of 
six contours. The contours were used to identify the regions of high and low von Mises 
stresses. The simulation was performed only on the subjects with osteoporosis.  The results 
show that the maximum von Mises stress was the highest in the young black male subject 
(120.7 MPa) and the least in the old Caucasian female subject (59.89 MPa). The results of 
young, middle age, and old subjects for both male and female of different races (Black, 
Caucasian, and Mixed) are shown in table (7.2) and Figures (7.19 – 7.24). Additionally, 
the Figures show that the von Mises stresses increased approximately by 70% as the 
porosity decreased, and it was higher in the trabeculae with parallel orientation (0°) when 
compared with the perpendicular parts (90°).  
The results show that the maximum von-Misses stress decreases as the age 
increases, as shown in Figure (7.25). The main reason for this change is mostly due to the 
decrease in bone density with the increase in age that increases bone fragility and makes it 
more susceptible to failure. Additionally, the difference between density distribution in 
females compared to males and the evident decrease in density with age is very noticeable 
in the simulation, where gender has a significant effect on the maximum von-Misses stress, 
where it is significantly higher in males than females (p=0.001), as shown in Figure (7.26). 
Moreover, the total cyclic life was obtained for 106 cycles, and the relation between the 
maximum von-Misses stress and number of cycles to failure (Nf) was investigated for all 
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races, as shown in Figure (7.27). This Figure demonstrates that the maximum von-Misses 
stress decreased as Nf increased, and it was higher in the Black subjects and the least in the 
Caucasians.  
Table 7.2 The von-Misses stress (MPa) for osteoporotic bone micromodels with crack 
 Young Middle Age Old 
Black    
Female 104.6778019 91.9126689 69.80475684 
Male 120.7037771 104.7373616 93.28599516 
Caucasian    
Female 86.17421227 70.57296058 59.89276721 
Male 103.317245 96.17796184 76.28329574 
Mixed    
Female 97.37578698 84.6775943 62.37678738 






Figure 7.19 The von-Misses stress for the femoral bone micromodels for black males, young, middle age, 
and old (from left to right) 
 
Figure 7.20 The von-Misses stress for the femoral bone micromodels for black females, young, middle 
age, and old (from left to right) 
 
Figure 7.21 The von-Misses stress for the femoral bone micromodels for Caucasian males, young, middle 
age, and old (from left to right) 
1  
Figure 7.22 The von-Misses stress for the femoral bone micromodels for Caucasian females, young, 





Figure 7.23 The von-Misses stress for the femoral bone micromodels for mixed males, young, middle age, 
and old (from left to right) 
 
 
Figure 7.24 The von-Misses stress for the femoral bone micromodels for mixed females, young, middle 
age, and old (from left to right) 
 
The computational simulation of microdamage considers that the damage equals to 
zero when the element in the region of interest is undamaged. Whereas the damage was 
one when the element failed. Moreover, the relation between the fraction of fatigue failure 
(n/Nf) and damage was investigated, as shown in Figure (7.28). The results show that the 
damage increased as (n/Nf) increased, and it was higher in female subjects. Cumulative 
damage score (CDS) or cumulative probability of failure CPF was investigated. Figure 
(7.29) shows that the CDS was higher in female than male. In general, gender, race, and 
age showed significant effect on the damage distribution. The sensitivity analysis 
representation (Figures 7.30- 7.32) showed that the interconnectivity is higher in female 
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than male. This could be one of the reasons that osteoporosis is higher in females and shows 
that gender has a significant effect on micro damage distribution in the bone. 
 
Figure 7.25 Bivariate Fit of Maximum von Mises Stress (MPa) by Age 
 
 




Figure 7.27 Maximum stress versus the number of cycles to failure for different races 
 
 




Figure 7.29 Cumulative damage failure (CFD) plot comparing both genders, where f=female, and m=male 
 
 




Figure 7.31 Sensitivity analysis of density vs height and age 
 
 





This research established a dependence of bone demography on the damage development 
parameters, such as age, gender, body mass index (BMI), height, weight, and others and 
their role in causing fracture was determined for 307 subjects. This study shed the light on 
the constitutive behavior of bones with or without implants, fatigue, and fracture of the 
bone structure. The two-dimensional representation of the morphological parameters of the 
bone at microscale does not provide a realistic description of the bone structure especially 
at micro level. The three-dimensional representation showed that the interconnectivity is 
higher in female than male. This could be one of the reasons that osteoporosis is higher in 
females.  Gender has a significant effect on micro damage distribution in the bone. More 
precautions should be taken into consideration for older female. Race should be considered 
during modeling implants or suggesting therapeutic techniques. Caucasian subjects are 
more susceptible to fatigue failure than other races. Age is a significant factor and has an 
essential effect on bone at micro level. The porosity increases, lowering the density, and 
ultimate tensile strength found in elderly, this may imply that the same fixation devices and 
implants designed for younger adults may not be suitable in elderly due to stress shielding. 




CHAPTER EIGHT : HIERARCHICAL STRUCTURE AND 
PROPERTIES OF THE BONE AT NANO LEVEL 
Bone is a highly hierarchical complex structure consists of organic and mineral 
components represented by collagen molecules (CM) and hydroxyapatite crystals (HAC), 
respectively. Nano structure of bone can significantly affect its mechanical properties. 
There is a lack of understanding how collagen fibrils (CF) in different orientations may 
affect the mechanical properties of the bone. Therefore, the objective of this study is to 
investigate the effects of the interaction, orientation, and hydration on the atomic models 
of the bone composed of collagen helix (CH) and HAC using molecular dynamics 
simulations and therefrom bone related disease origins. The atomic models of CH, and 
HAC in a “bone” were modeled utilizing ADF 2019.3 (Amsterdam Density Functional) 
program. In order to model the orientation of the CF of the bone, a Swiss Light Source 
(SLS) technology that maps the collagen order was used. MIMICS and ImageJ programs 
were used to characterize the most frequent orientations of collagen molecules represented 
by six different angles (0°, 20°, 30°, 45°, 60°, and 90°) using ADF program. Additionally, 
disease structure of the bone at nano level was investigated by introducing bone disease, 
osteogenesis imperfecta (OI) to the model, where the glycine (GLY) amino acid in the CH 
was substituted with Valine, Arginine, Aspartic acid, Glutamic acid, and Cystine. Uniaxial 
tensile tests were simulated on all the models with and/or without hydration with respect 
to having either calcium (Ca) or hydroxide (OH) mineral surfaces. The results demonstrate 
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that the mechanical properties of the bone are affected significantly by the orientation of 
the CF attributed to contact areas at 0° and 90° models. The molecular dynamics simulation 
illustrated that there is significant difference (p<0.005) in the ultimate tensile strength and 
toughness with respect to the orientation of the hydrated and un-hydrated CF. Additionally, 
the results indicate that having the force in longitudinal direction (0°) provides more 
strength compared with the CF in the perpendicular direction (90°). Furthermore, the 
results show that substituting GLY with any other amino acid affects the mechanical 
properties and strength of the CH, collagen- hydroxyapatite interface, and eventually 
affecting on the HAC. Generally, hydration dramatically influences bone tissue elastic 
properties, and any change in the orientation or any abnormality in the atomic structure of 
either the CM or the HAC would be the main reason of the fragility in the bone affecting 
bone pathology. 
8.1 INTRODUCTION 
Bone tissue contains mineral phase (70%) represented by hydroxyapatite, organic phase 
(30%) represented by collagen, non-collagenous proteins, bone cells, and water with 
different percentages (Park, J., & Lakes, R. S., 2007) (Karsdal, M., 2019) (Shoulders, M. 
D., & Raines, R. T., 2009). These contents form the complex structure and provide the 
material properties to the bone. Investigating the bone at the nano-level (< 1 µm) considers 
the architecture of the collagen fibrils alignment. Investigating and understanding damage 
development in a bone at nano-level is as important as the macro and micro-levels.  
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The bone mainly is composed of type I collagen, which is a triple helix protein has 
the ability to be organized into fibers that provide the strength and flexibility to the bone. 
At the molecular level, the collagen fibril is a triple helix that includes one α2-chain and 
two α1-chain that composed of glycine (GLY), proline (PLY) and hydroxyproline (HYP) 
(Lodish  et al., 2000) (Alvarez, K., & Nakajima, H., 2009) (Liebi et al., 2015) (Burr, D. B., 
& Allen, M. R., 2013). Type I collagen can be found in other tissues such as ligament, 
tendon, and skin (Shoulders, M. D., & Raines, R. T., 2009). Additionally, osteocalcin, 
which is another non-collagenous organic protein, has a significant role in new bone 
mineralization. The mineral phase is composed mostly of hydroxyapatite that is composed 
of calcium, phosphate and hydroxide with chemical composition Ca10(PO4)6(OH2) that 
provides the stiffness to the bone (Liebi et al., 2015). The average hydroxyapatite crystal 
size is 50 × 25 × 2 nm. 
There are different bone diseases that affect the molecular structure of the tissue. 
Osteogenesis Imperfecta (OI) is a genetic disorder that affects bone strength as a result of 
genes mutation (COL1A1/ COL1A2) responsible for collagen type I production (Steiner, 
R. D., & Basel, D., 2019) (Marini, J. C., & Cabral, W. A., 2018) (Forlino, A., & Marini, J. 
C., 2016) (Rauch, F., & Glorieux, F. H., 2004) (Beck et al., 2000). It occurs as a result of 
the substitution of GLY with Valine, Arginine, Aspartic acid, Glutamic acid, and Cystine.  
This substitution affects the mechanical properties and strength of the collagen helix, 
collagen- hydroxyapatite interface, and eventually affects the mineral part. In general, the 
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abnormality in the atomic structure of either the collagen or the hydroxyapatite is the main 
reason of the fragility in OI bone tissues. 
There are several techniques that are used to characterize the orientation of the 
collagen fibrils. These techniques are polarized Raman spectroscopy (Schrof et al., 2014) 
(Buchwald et al., 2012), polarized Fourier transform infrared spectroscopy (Bi et al., 2005), 
polarized second harmonic generation (Couture et al., 2015) (Chen et al., 2012), small-
angle light scattering spectroscopy (Robitaille et al., 2011) (Arifler et al., 2007)], elastic 
scattering spectroscopy (Kostyuk, O., & Brown, R. A., 2004) (Kostyuk et al., 2004), 
electron transmission diffraction (Georgiadis ey al., 2016) (McNally et al., 2012), electron 
backscatter diffraction (Shah et al., 2019), magnetic resonance imaging (Hänninen et al., 
2017), and microwave method (Osaki et al., 2002). The main limitations with these 
techniques are the limited resolution, time consuming, costly, and lack the ability to 
visualize the three-dimensional orientation. Additionally, none of these techniques had the 
ability to provide a quantitative representation of the bone. In the current study, X-ray 
based technique is used to observe the bone at the nano level. The orientation of the 
collagen can be observed by using the X-ray based technique. Molecular dynamics 
simulation can be used to investigate the mechanical behavior of the bone at the nano level 
and the collagen helix and HA oriented in different modes depending on the orientation 




Experimental and theoretical studies have been performed to understand the atomic 
structure of the bone (Andriotis et al., 2015) (Shen et al., 2008) (Fratzl et al., 2004) (Rho 
et al., 2002) (Ji, B., 2008) (Gao, H. 2006) (Ji, B., & Gao, H., 2004) (Jäger, I., & Fratzl, P., 
2000) (Buehler, M. J., 2007) (Zhang et al., 2007) (Buehler, M. J., 2006) (Chang e al., 2012). 
Experimentally, it is still a challenge to characterize bone atomic and structural integrity at 
the nano level. Additionally, most studies were focused on investigating CF and fibers 
under tension [27, 28], and investigating the effect of bone structure at nano level on bone 
failure (Andriotis et al., 2015) (Rho et al., 2002). On the other hand, the theoretical work 
has been performed mostly to understand the effect of the collagen and hydroxyapatite 
structure and properties on biomaterials design, such as bone scaffold hierarchical design 
(Ji, B., & Gao, H., 2004) (Jäger, I., & Fratzl, P., 2000) (Buehler, M. J., 2007). Additionally, 
the molecular dynamics simulation has been exploited to investigate the variation in the 
material properties of the bone at the molecular level assemblies ) (Jäger, I., & Fratzl, P., 
2000) (Buehler, M. J., 2007) (Zhang et al., 2007) (Buehler, M. J., 2006), and how changing 
the residue sequence of the collagen helix affects the molecular mechanical properties of 
the bone (Chang et al., 2012). To the best of our knowledge, there is a lack in understanding 
the mechanical properties of the bone at the nano level with respect to CO and HA 
orientation. HA surface, hydration, and the chemical environment are important features 
that need to be investigated. The objective of this study is to elucidate the unique 
contributions that nano modeling of the bone provides in the framework of collage 
orientation and the effect on the bone mechanical properties. CO-HA interface is of 
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fundamental importance in investigating bone under healthy and pathological status. In this 
study, an attempt was made to create a new model for the collagen fibrils of the bone from 
the SLS data, provided by the Paul Scherrer Institute (PSI) (Liebi et al., 2015), that maps 
the collagen order and to understand the change in the architecture of the collagen fibrils 
and hydroxyapatite configuration with damage propagation. ADF 2019.3 modeling suite 
was used to perform the molecular dynamics simulation. 
 
8.2 MATERIALS AND METHOD 
SLS data was used to map the collagen order then a computational three-dimensional 
modeling was performed using MIMICS 22.0 (Materialise – Software Mimics Innovation 
Suite) program. Molecular dynamics 3D simulation performed to investigate the effect of 
the interaction, orientation, and hydration of the atomic models of the bone composed of 
CH and HAC. Finally, numerical analysis was performed to investigate the significant 
effect of orientation, mineral surface, hydration on the mechanical properties of the bone 
at the atomic level. 
8.2.1 Computational 3D Modeling at Nano Level 
SLS technology uses three-dimensional scanning small angle X-ray scattering, as 
shown in Figure (8.1). The DICOM images that are used were for a small bone sample (1 
× 1 × 2.5 mm3) extracted from a T12 human vertebra of 73 years old man (Figure 8.2). 
ImageJ program was used to calculate the frequency of different orientation angles and 
those were (0°, 20°, 30°, 45°, 60°, and 90°). Figure (8.3) illustrates the defining of the 
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material properties of the bone at nano level depending on the orientation of CF. Highly 
oriented vs weakly oriented fibrils provide anisotropic or isotropic material properties, 
respectively. On the other hand, previous studies proposed isotropic material properties for 
the bone at the micro and nano levels (Yang et al., 2007) (Laws, 1985). The atomic models 
of CH, HAC, and bone comprising of CH and HAC were modeled.  
 
 
Figure 8.1 Nano modeling for the collagen fibrils of the bone using 3D scanning small-angle X-ray 




Figure 8.2 Mapping the order and alignment of the CF for a small bone sample (1 × 1 × 2.5 mm3) from 
human vertebra using Mimics program 
 
 























8.2.2 Molecular Dynamics Simulation (MDS) 
In this study, a molecule of CO-HA composite simulation is presented, and a series 
of simulations were carried out to investigate the mechanical properties of the bone at nano 
level. Figure (8.4) shows the MDS for one CH molecule demonstrating the change in 
torsional angle energy and density with iteration. Our attempt was to design a realistic 
representation of bone and expose it to uniaxial tensile loading. We investigated the 
properties of CO-HA interface and analyzed the deformation associated with both hydrated 
and un-hydrated conditions. Our model is aimed to be as accurate as possible representation 
of bone tissue at the atomic level taking into consideration the influence of nano level on 
upper micro and macro levels mechanical behavior in order to understand the complex 
structure of the bone. Figures (8.5) and (8.6) show the structure of collagen triple helix and 
hydroxyapatite, respectively. 
 
Figure 8.4 Molecular dynamics simulation for one collagen helix demonstrating the change in torsional 




Figure 8.5 Bonds and valence angles of amino acids of collagen helix, where GLY, PRO, and HYP are 




Figure 8.6 Structure of HAC (Lodish et al., 2009) (left). HA including calcium, phosphate and hydroxide 






In order to perform the simulation, we developed a forcefield file that includes 
previously used HA forcefield (Bhowmik et al., 2007) (Hauptmann et al., 2003) combined 
with CHARMM22 forcefield (Ponder, J. W., & Case, D. A.,2003). The CHARMM 
forcefield was used previously and has shown an adequate representation for the behavior 
of the bone at the atomic level (Zhao et al., 2016) (Jia, Z. 2016) (Qu et al., 2015) (Dubey, 
D. K., & Tomar, V. 2009) (Hornak et al., 2006) (MacKerell Jr, A. D. 2004). All the 
molecular dynamics simulations were performed in ADF package that has the capabilities 
to simulate enormous biomolecules. Van derWaals parameters were used to describe the 
CO-HA interaction. Equation (8.1) (Hauptmann et al., 2003) was used to define the 
potential energy: 
E = EINTRA + EINTER           (8.1) 
Where 
EINTRA =∑𝑘b(𝑟𝑖 𝑗 −  𝑟𝑜)2  + ∑𝑘𝜃 (𝜃𝑖 𝑗𝑘 −  𝜃𝑜)2+  ∑𝑘UB(𝑟𝑖𝑘 −  𝑟𝑜)2+ ∑|𝑘𝜑| −

















]                (8.3) 
 
The definitions of all the parameters are shown in table 8.1. 
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Table 8.1 Forcefield Parameters 
  
 
Each CH is composed of three chains and 1014 residues, while each HA unit cell 
is composed of forty-four atoms with the lattice parameters shown in table 8.2. Different 
orientations are proposed in the current study. The chain sequence of α1 and α2 type 1 
collagen is shown in table 8.3.  
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These orientations are defined with respect to SLS results of collagen orientation. 
Each HA crystal has the same dimension and geometry, where its height is 1.6 nm. 
Additionally, each collagen helix length is 14.9 nm, and 1.5 nm in diameter. 
Table 8.2 Lattice parameters of hydroxyapatite 
  
 
To develop the model, each HA unit cell was duplicated 20, 2, and 4 times in the 
X, Y, and Z directions, respectively. Literature proposed that interaction with different 
planes of HA plays a significant role in the morphology of the material. To further 
understand the CO-HA surface interaction, we investigated the effect of CO vs OH planes 
on the total mechanical properties of the bone at nano level and how much difference the 
interaction plane can cause.  
The interface of the nano constituents was modeled. Python code is used to extract 
the stress-strain data for each simulation. Once the stress-strain curve was plotted, the 
mechanical properties were calculated. The collagen helix and HA were oriented in 
different modes and the simulation was performed to investigate the effect of orientation 
on the bone mechanical properties. Additionally, bone damage was investigated by 
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introducing bone disease (OI) to the model, where the GLY amino acid in the collagen 
helix was substituted with Valine, Arginine, Aspartic acid, Glutamic acid, and Cystine. We 
also introduced a crack with different geometries. In both methods, the mechanical 
properties were calculated. 
 
Figure 8.7 The amino acid (Valine, Arginine, Aspartic acid, Glutamic acid, and Cystine ) related to OI 
 








8.2.2.2 Visualization and data analysis 
Toughness was calculated using MATLAB. The statistical analysis was performed 
using JMP, SAS, MATLAB, and Excel. 
8.3 RESULTS AND DISCUSSION 
The current research focuses on understanding how the change in collagen fibrils 
orientation can improve or deteriorate the structure of the bone. The MDS revealed that 
having different orientations of CH and HA significantly (<0.001) affect the mechanical 
properties of the bone. Figure (8.8) presents a schematic of the bone structure at each 
hierarchical level illustrating the change in the modulus of elasticity. Modulus of elasticity 
(E) was calculated using MATLAB. The statistical analysis was performed using JMP, 
SAS, MATLAB, and Excel. 
 




            The MDS illustrated that there is a significant difference (p<0.005) in the ultimate 
tensile strength (UTS), and E with respect to the orientation of the hydrated and un-
hydrated CF, as shown in Figure (8.9). The effect of hydration was observed, and the results 
showed that the stiffness of the CF increased in un-hydrated models. This means that the 
loss of water increases the rigidity of the CF and eventually makes the bone more 
susceptible to fracture. Additionally, the results show that having the force in longitudinal 
direction (0°) provides more strength and toughness compared with the CF in the 
perpendicular direction (90°). Additionally, Figure (8.10) shows the molecular structure of 
the CF at the initial and failure stages. In general, the simulation illustrated that hydration 
(tightly bound water) decreases the ultimate tensile strength (UTS), toughness, and E of 
the CF. The MDS points to a loss of water in the collagen phase an increase in the UTS of 
bone. Also, simulation illustrated that there is a significant difference (p<0.005) in UTS 
with respect to the orientation of the hydrated and un-hydrated collagen fibrils, as shown 
in Figure (8.11). However, there was no significant difference (p>0.05) in the results with 




Figure 8.9 Stress – Strain curve of un-hydrated collagen fibril with different orientations simulation curves 
(moving window average) showing the mathematical representation 
 
Figure 8.10 The molecular structure of the CF at the initial (top) and failure stages (bottom). uniaxial 




























Figure 8.11 A sketch illustrates the relation among Hydration, un-hydration, and collagen fibril 
orientations 
 





































          The modulus of elasticity (E) was calculated from the slope of a linear fit of the stress 
strain curves (table 8.4). The results showed that E was the higher in un-hydrated 
simulations (2.29 ± 0.78 GPa) when compared with the hydrated simulations (1.99 ± 0.74 
GPa). Additionally, the results showed that E was the highest in the longitudinal direction 
(3.53 GPa) when compared with the CF in the perpendicular direction (1.54 GPa). 
However, having different mineral surfaces showed no significant difference in E (P>0.05), 
as shown Figures (8.13) and (8.14). The constitutive equations of modulus of elasticity 
with respect to collagen fibril orientation is as follows: 
With OH Mineral Surface:  
                                   𝐸 = −0.0227 × 𝜃 + 3.2177                     For Un-hydrated CF 
                                  𝐸 = −0.0226 × 𝜃 + 2.9231                     For Hydrated CF 
 
With Ca Mineral Surface: 
                                  𝐸 = −0.023 × 𝜃 + 3.2159                       For Un-hydrated CF 





Table 8.4 Change in the Modulus of elasticity (GPa) for Hydrated vs Un-hydrated collagen fibril with 
different orientations with respect to mineral surface 
 
Ca OH 
 Orientations Un Hydrated Hydrated Un Hydrated Hydrated 
0 degree 3.526 2.972 3.516 2.945 
20 degree 2.804 2.608 2.819 2.628 
30 degree 2.443 2.272 2.425 2.222 
45 degree 1.782 1.674 1.761 1.709 
60 degree 1.645 1.388 1.622 1.339 
90 degree 1.543 1.080 1.519 1.137 
 
 






Figure 8.14 Collagen fibril Modulus of Elasticity with different orientations having hydroxide (OH) as the 
mineral surface 
            The MDS with proposed OI bone disease revealed that having different amino acids 
in the collagen helix significantly (<0.001) affects the mechanical properties of the bone. 
The MDS illustrated that there is a significant difference (p<0.005) in the ultimate tensile 
strength and toughness with respect to different amino acid. Additionally, the results show 
that substituting GLY with any other amino acid affects the mechanical properties and 
strength of the CH, collagen- hydroxyapatite interface, and eventually affects the HAC, as 
shown in Figures (8.15) and (8.16). In general, the abnormality in the atomic structure of 





Figure 8.15 Stress – Strain curve of collagen fibril substituting GLY with other amino acids 
 
 
Figure 8.16 Collagen fibril ultimate tensile strength substituting GLY with other amino acids 
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8.3.1 Validation with Experimental Work 
              A comparison between the MDS results and previous experimental results was 
evaluated. Gupta et al. (Gupta et al., 2006) investigated 36 bone samples (29 wet samples 
and 7 dry samples). The dimension of each sample was 50 µm × 150 µm × 3mm, and a 
tensile test was performed on all the models. The comparison shows agreement between 
the current MDS results and the experimental testing, as the dry samples showed higher 
modulus (13.9 ± 3.4 GPa) than the wet samples (11.5 ± 3.7 GPa). Additionally, note that 
the MDS show relatively good correlation with the results obtained by Liu, Y. et al. (Liu, 
Y. et al., 2016), where they investigated 12 samples with 305 ± 79 nm diameter and 12.7 
9 ± 8.1 µm length, as shown in Figures (8.17) and (8.18). Moreover, the simulation was 
compared with Yamamoto, N. (Yamamoto, N., 2017) experimental results. In this study, 
ten samples with 410 ± 60 nm were investigated. Furthermore, as can be seen from Figure 
(8.19), there was an agreement between the simulation and the previous experiment results 




Figure 8.17 Stress – Strain curve of un-hydrated collagen fibril with longitudinal orientation simulation 
curve (pink line), Stress – Strain average curve of collagen fibril tested experimentally by Liu, Y. et al. 
(Liu, Y. et al., 2016) (green line), and the 95% co 
 




Figure 8.19 Collagen fibril ultimate tensile strength results show an agreement between the molecular 
dynamics (MD) simulation and previous experiment results 
 
 
8.3.2 Numerical Analysis 
              The numerical analysis was performed to understand the impact of various factors 
on the mechanical properties of the atomic models of the bone composed of collagen and 
hydroxyapatite. The statistical analysis was performed using SAS software (SAS Institute 
Inc. 2015. SAS® 12 JSL Syntax. Cary, NC: SAS Institute Inc.).  One-way ANOVA test 
was applied in the analysis (Appendix K). The three factors that were considered in the 
analysis were the collagen fibril orientation, mineral surface, and hydration. The F-test 
from the ANOVA indicates that the p-value <0.05 and it is small and close to zero. This 
means that there is an evidence to reject the claim that the ultimate tensile strength is similar 
for all the factors and at least one of them is different. The analysis showed that the collagen 
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fibril orientations have a significant effect (P<0.0001) on the ultimate tensile strength of 
the atomic models of the bone, and the LSMeans differences Student’s t connecting letter 
report showed that the ultimate tensile strength is significantly different in terms of 
orientation. Moreover, Hydration showed a significant effect as well (P<0.0001), where 
un-hydrated models ultimate strength was significantly higher than hydrated models. 
Furthermore, LSMeans differences Student’s t connecting letter report showed no 
significant difference between Ca and OH mineral surfaces (Appendix L). In general, the 
statistical analysis showed the collagen fibril orientation and the hydration have significant 
effects on the ultimate tensile strength, but the mineral surface does not have any significant 
effect. 
Prediction Equation: A prediction equation was developed to predict the ultimate tensile 
strength with respect to different orientations of the collagen fibrils as follows: 
Ultimate Tensile Strength 
=  100.12452  −  1.1096903 × Orientation +  0.0134039 × (Orientation − 40.8333)2
+  0.0002412 × (Orientation − 40.8333)3  
              Table 8.5 shows the prediction equations of stress vs strain for each collagen fibril 
orientation. Figure (8.20) shows the bivariate fit of ultimate tensile strength by orientation, 
where the ultimate tensile strength is the highest for 0° and decreases as a then orientation 








 Hydrated  
0 𝜎𝐻 = 299029 
5 - 327803 4 + 118125 3 - 17037 2 + 1333.9  - 8.3447 R² = 0.863 
20 𝜎𝐻 = -8E+0 
 6 + 9E+06 5 - 3E+06 4 + 624853 3 - 52197 2 + 1993  - 3.8355 R² = 0.6849 
30 𝜎𝐻= -24472 
4 + 15814 3 - 3823.3 2 + 632.3x - 4.9454 R² = 0.6584 
45 𝜎𝐻 = -30209 
5 + 14289 4 - 545.52 3 - 613.53 2 + 183.59  - 0.4357 R² = 0.6857 
60 𝜎𝐻= 95635 
5 - 104759 4 + 37683 3 - 5406.7 2 + 421.3  - 2.5951 R² = 0.8649 
90 𝜎𝐻= 49348 
5 - 53425 4 + 18394 3 - 2668 2 + 330.08  - 1.7434 R² = 0.7265 
 Un-hydrated  
0 𝜎𝑈 = -623239 
6 + 836039 5 - 418899 4 + 98072 3 - 11933 2 + 1087.6  - 3.508 R² = 0.9771 
20 𝜎𝑈 = -946926 
6 + 1E+06 5 - 628493 4 + 143193 3 - 15405 2 + 996.93  - 1.2921 R² = 0.8991 
30 𝜎𝑈= -432187 
6 + 554374 5 - 264362 4 + 57925 3 - 6458.1 2 + 628.91  + 0.1731 R² = 0.9134 
45 𝜎𝑈 = -431354 
6 + 573149 5 - 280753 4 + 61933 3 - 5812.1 2 + 233.81  - 1.4616 R² = 0.8757 
60 𝜎𝑈 = -451836 
6 + 619088 5 - 317077 4 + 75162 3 - 8279.7 2 + 490.36  - 3.6675 R² = 0.9745 
90 𝜎𝑈 = 260216 




Figure 8.20 Bivariate fit of ultimate tensile strength by orientation 
 
             A regression model was developed for CF model ultimate tensile strength with 
respect to strain and the orientation angle using MATLAB (See Appendix M for code) 
The regression model is: 
       𝜎𝑈 = 1.936 − (0.4391 ∗ θ) + (557.1 ∗ 𝑈) + (0.03543 ∗ θ2) + (286.7 ∗ θ ∗ 𝑈) − (8.73 ∗ 𝑈2) −
(0.0005823 ∗ θ3) − (0.1433 ∗ θ2 ∗ 𝑈) + (55.63 ∗ θ ∗ 𝑈
2) − [(1.181 ∗ 1004) ∗ 𝑈
3] + [(2.72 ∗ 10−06) ∗ θ4] +
(0.000296 ∗ θ3 ∗ 𝑈) + (0.3112 ∗ θ
2 ∗ 𝑈
2) − (121.9 ∗ θ ∗ 𝑈
3) + [(3.551 ∗ 1004) ∗ 𝑈
4] + [(1.954 ∗ 10−05) ∗ θ4 ∗
𝑈] − (0.008862 ∗ θ
3 ∗ 𝑈
2) + (1.328 ∗ θ2 ∗ 𝑈
3) − (0.8833 ∗ θ ∗ 𝑈
4) − (3.343e + 04 ∗ 𝑈
5) 
Where 𝜎𝑈 is the stress in un-hydrated environment, 𝑈 is the strain, and θ is the orientation 




           This regression model can be used to predict the ultimate tensile strength of the CF 
with respect to different orientations. The sensitivity analysis demonstrated the relationship 
between the maximum stress of the un-hydrated CO-HA composite with OH mineral 
surface vs the strain, and the orientation of CF obtained from the constitutive equations for 
each CF orientation shown in table V. The analysis showed the stresses were higher when 
CF was in the parallel direction (0°) with maximum stress (125.12 MPa). On the other 
hand, the stresses were the least when the CF was in the perpendicular direction (90°) with 
maximum stress (60.03 MPa). In general, the sensitivity analysis illustrates that the 
orientation has a significant effect on stress vs strain distribution where the stress decreases 
as the angle increases to reach the least at 90°, as shown in Figure (8.21). 
 
Figure 8.21 The sensitivity plot demonstrating the relationship between the maximum stress of the un-





The current investigation suggests that the mechanical properties of the bone are affected 
significantly by the orientation of the CF. Any change in the structure of the collagen- HA 
composite would lead to variable bone diseases (OI). These results provide significant 
insight into the behavior of collagen-HA interface and represent a leap in understanding of 
bone material performance at the nano level. Any change in the orientation would lead to 
variable bone diseases. The MDS illustrated that there is a significant difference (p<0.005) 
in the ultimate tensile strength, toughness, and modulus of elasticity with respect to the 
orientation of the hydrated and un-hydrated collagen fibrils. Additionally, the results show 
that having the force in longitudinal direction (0°) provides more mechanical properties 
compared with the collagen fibril in the perpendicular direction (90°). The main reason for 
that difference is the fact that longitudinal orientation with 0° models had more contact 
areas than the perpendicular orientation with 90° models. Furthermore, validation shows 
agreement between the current MDS and the experimental testing. The effect of hydration 
was observed, and the results showed that the stiffness of the CF increased in un-hydrated 
models. This means that the loss of water increases the rigidity of the CF and eventually 
makes the bone more susceptible to fracture. Generally, the water content dramatically 
influences the tissue elastic properties. Additionally, substituting GLY with any other 
amino acid affects the mechanical properties and strength of the CH, collagen- HA 
interface, and eventually affecting on the HAC. Consequently, it has been evidenced that 
the abnormality in the atomic structure of either the collagen or the hydroxyapatite is the 
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main reason of the fragility in OI bone tissues. Further investigation is needed to understand 
the effect of the atomic structure and nano level mechanical properties on higher micro and 
macro levels of bone tissue. This study represents a step toward a deeper understanding of 












CHAPTER NINE : MULTIAXIAL REPRESENTATION OF 
THE BONE 
9.1. INTRODUCTION 
Bone tissue is a composite material that has non- homogeneous anisotropic behavior. At 
the macro level, the bone can be divided into main two components that are the cortical 
and trabecular bone, as shown in Figure (9.1). Each part has its own material behavior that 
is significantly different than the other part. The cortical bone is more rigid, dense, and 
stiffer than the trabecular bone and it represents almost 80% of skeleton weight. On the 
other hand, the trabecular component has a 50-90% porous structure. 
 
 





At the micro and nano levels, it can be observed that the bone is composed of 
organic matrix (represented by collagen and non-collagenous protein), mineral 
(represented by hydroxyapatite, citrate, carbonate, fluoride, and hydroxyl ions), and water. 
The framework that is used to model the bone as a composite material is shown in Figure 
(9.2). 
 
Figure 9.2 Framework for modeling bone composite material behavior 
Bone Tissue Components
(Mixture)
Phase I component Phase II component
Importing volume fraction for each 
phase
Water Percentage
Wet Bone Dry Bone
(Neglect water percentage)
Importing the elastic modulus





Table (9.1) summarizes the components of the bone tissue. The Voigt and Reuss 
rule of mixture represents the composite properties. 
For Voigt upper bound rule for a mixture on N phases: 
      𝐸𝑉𝑜𝑖𝑔𝑡 = ∑ 𝐸𝑖𝑉𝑖
𝑁
𝑖=1         (9.1) 
Where 𝐸𝑖   𝑎𝑛𝑑 𝑉𝑖  denote the elastic modulus and volume fraction of ith constituent, 







𝑖=1                   (9.2) 
The elastic modulus in the above equations can be replaced by any modulus such 
as modulus of elasticity, shear, or bulk modulus. Tension forces applied to Voigt and Reuss 
composite models are shown in Figure (9.3). 
 





The bone is a composite material that composed of cortical and trabecular 
components. By assuming the force (F) is independently borne by the composite bone. So, 
the equation for the total force will be as follows: 
𝐹𝑡𝑜𝑡𝑎𝑙 = 𝐹𝑐𝑜𝑟𝑡𝑖𝑐𝑎𝑙 + 𝐹𝑡𝑟𝑎𝑏𝑖𝑐𝑢𝑙𝑎𝑟               (9.3) 




= 𝐸                                 (9.4) 
Where A, E, and  denote for the area, modulus of elasticity, and strain, respectively. 




    (9.5) 
If we apply the same assumption on the modulus of elasticity to get Voigt model, we get 
𝐸𝑡𝑜𝑡𝑎𝑙 = 𝐸𝑐𝑜𝑟𝑡𝑖𝑐𝑎𝑙𝑉𝑐𝑜𝑟𝑡𝑖𝑐𝑎𝑙 + 𝐸𝑡𝑟𝑎𝑏𝑒𝑐𝑢𝑙𝑎𝑟𝑉𝑡𝑟𝑎𝑏𝑒𝑐𝑢𝑙𝑎𝑟    (9.6) 
Where V represents the volume fraction. 
Voigt model for the modulus of elasticity rule of mixture indicates only the material 
behavior in a unidirectional way. So, if the organic phase represented by the collagen fibers 









                     (9.7) 
Finally, if we want to take the different directions of the collage fibers into 
consideration, the fraction of bone in parallel direction (x) should be considered too. Then 















If we assume that the bone is a mixture of 10% cortical and 90% trabecular, then 
the equation will be as follows: 














)                (9.10) 
Those equations are with the assumption of dry bone, which means that the 
percentage of water is neglected. 
 
Table 9.1 Composition of Bone (Park, J., & Lakes, R. S., 2007) 
  
 
Water percentage has a significant effect on the young’s modulus, toughness, 
strength, and elongation of the bone. It can be noticed that wet bone acts in a similar way 
to the healthy bone regarding the elongation. Also, it can be noticed that the behavior of 
the wet and dry bone is different, which leads to different material properties. 
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There are several expressions that can be used to find the content of water inside 
the bone by comparing between the volume fraction of the wet bone (𝑉𝑤𝑒𝑡 𝑏𝑜𝑛𝑒) and the 
dry bone (𝑉𝑑𝑟𝑦 𝑏𝑜𝑛𝑒) as follows: 
𝑉𝑤𝑎𝑡𝑒𝑟 = 100 ∗
𝑉𝑤𝑒𝑡 𝑏𝑜𝑛𝑒−𝑉𝑑𝑟𝑦 𝑏𝑜𝑛𝑒
𝑉𝑤𝑒𝑡 𝑏𝑜𝑛𝑒−𝑉𝑏𝑜𝑛𝑒 𝑠𝑢𝑏𝑚𝑒𝑟𝑔𝑒𝑑 𝑖𝑛 𝑤𝑎𝑡𝑒𝑟
             (9.11) 
 
If the bone is assumed to be a mixture of collagen content and tissue of given 
property, then we can depend on table (9.1) to assume that collagen volume fraction is 20% 
with respect to other tissue contents of the bone. 
By assuming the force (F) is independently borne by the mixture. So, the equation 
for the total force will be as follows: 
𝐹𝑡 = 𝐹𝑐 + 𝐹𝑟                         (9.12) 
Where t denotes for total, c denotes for the collagen matrix, and r denotes for the tissue. 




= 𝐸                               (9.13) 
Where A, E, and  denote for the area, modulus of elasticity, and strain, respectively. 




                          (9.14) 
 
If we apply the same assumption on the modulus of elasticity to get Voigt model, we get 
𝐸𝑡 = 𝐸𝑐𝑉𝑐 + 𝐸𝑟𝑉𝑟                         (9.15) 
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Where V represents the volume fraction. While, for perpendicular collagen fibers, equation 









                          (9.16) 
Finally, if we want to take the different directions of the collage fibers into 
consideration, the fraction of bone in parallel direction (x) should be considered too. Then 












)              (9.17) 
By substituting the volume fraction for both the collagen and the tissue contents of 
the bone in the equations (9.16) and (9.17): 
𝐸𝑡 = 0.20 𝐸𝑐 + 0.80𝐸𝑟                       (9.18) 
And, 












)                         (9.19) 
The bone is a composite material that can be assumed as a mixture of two materials, 
which are the mineral and organic phase. By assuming the force (F) is independently borne 
by the mixture. So, the equation for the total force will be as follows: 
     𝐹𝑡 = 𝐹𝑚 + 𝐹𝑜              (9.20) 
Where t denotes for total, m denotes for the mineral, and o denotes for the organic phase. 
And the stress (𝜎) 
        𝜎 =
𝐹
𝐴
= 𝐸                 (9.21) 
Where A, E, and  denote for the area, modulus of elasticity, and strain, respectively. 
314 
 




                        (9.22) 
 
If we apply the same assumption on the modulus of elasticity to get Voigt model, we get 
𝐸𝑡 = 𝐸𝑚𝑉𝑚 + 𝐸𝑜𝑉𝑜                            (9.23) 
Where V represents the volume fraction. While, for perpendicular collagen fibers, equation 










                                          (9.24) 
Finally, if we want to take the different directions of the collage fibers into 
consideration, the fraction of bone in parallel direction (x) should be considered too. Then 












)                 (9.25) 
 
9.2 NANOSCALE MODELING 
In order to perform the simulation at nano level, we developed a forcefield file that includes 
previously used HA forcefield combined with CHARMM22 forcefield. The CHARMM 
forcefield was used previously and has shown an adequate representation for the behavior 
of the bone at the atomic level. All the molecular dynamics simulations were performed in 
ADF package that has the capabilities to simulate enormous biomolecules. Van derWaals 
parameters were used to describe the CO-HA interaction.  
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To develop the model, each HA unit cell was duplicated 20, 2, and 4 times in the 
X, Y, and Z directions, respectively. Literature proposed that interaction with different 
planes of HA plays a significant role in the morphology of the material. To further 
understand the CO-HA surface interaction, we investigated the effect of CO vs OH planes 
on the total mechanical properties of the bone at nano level and how much difference the 
interaction plane can cause.  
The interface of the nano constituents was modeled. Python code was used to 
extract the stress-strain data for each simulation. Once the stress-strain curve was plotted, 
the mechanical properties calculated. 
 
9.3. MICROSCALE MODELING 
The cortical and trabecular components were created depending on the difference in 
density between them. The whole bone model was divided into small parts with sizes 
approximately 20 mm3, and each part was simulated separately. Second, the final model 
has been imported into SolidWorks (Dassault Systèmes SolidWorks Corp., Concord, MA, 
USA) to make the final improvements 
9.3.1 Material definition 
The proposed material properties of the bone consider the anisotropic of the bone 
with its two types, the cortical and trabecular. The trabecular bone density is lower than 
cortical region. Previously, we have developed a novel procedure to approximate the 
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modulus of elasticity (E) of the bone depending on Hounsfield units (HU) and density (𝜌). 
To give a realistic approximation for the bone tissue material properties, nine elastic 
constants were provided depending on the orientation of principal axes of orthotropy. 
Within MIMICS program, the Hounsfield units (HU) were used to calculate the density (𝜌) 
across each segment, and then the young’s modulus (E) has been calculated in the radial, 
axial, and circumferential directions. 
9.3.2 Meshing 
Tetrahedral element type was used in this study with a minimum element size of 
0.02 mm, as shown in Figure (9.4). The final model, which has been modified by 
SolidWorks, was imported into ANSYS Workbench 2019R. The finite element mesh was 
adapted automatically through the program. Following mesh convergence checks, the total 
number of elements was 260,976 for the whole bone. In order to achieve repetitions of 
results within five percent, the meshing was refined with small increment size. 
 
Figure 9.4 Three-dimensional microstructure meshing of the bone 
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9.3.3 Loads and Boundary Conditions 
To mimic physiological loading during normal walking, the reconstructed gait 
loads in the model were applied as a time-dependent analysis along its longitudinal axis. 
The gait cycle for walking was imported from HIP98® program. In this program, total hip 
replacement joints on different patients were studied and their movements were compared 
with the normal movements during different activities. Triaxial load (Fz = vertical direction 
force, Fy and Fx = anterior-posterior and medial–lateral forces, respectively) was applied 
to mimic the multiaxial loading condition from the gait pattern during walking. A model 
fully fixed at the distal end was used in this study. In this study, 106 numbers of cycles have 
been used assuming that the average number of human walking cycles in one year is 
(1,000,000/year). 
 
9.4. MACROSCALE MODELING 
Computational modeling for bone tissue offers a deep understanding and provide a 
considerable amount of information that might be difficult or impossible to discover 
experimentally.  
9.4.1 Creating the model 
To create a three-dimensional model for the bone, CT scans for femoral bone were 
imported into MIMICS 22.0 program, as shown in Figure (9.5). The model was divided 
into eight segments which is important for material properties assigning and in applying 
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loads and boundary conditions later. Finally, SolidWorks (Dassault Systèmes SolidWorks 
Corp., Concord, MA, USA) was used to modify the model.  
 
 
Figure 9.5 Creating the 3D model of the femoral bone using MIMICS 
 
9.4.2 Material Definition 
Anisotropic material properties were assigned to the femoral bone model. All of the 
above material properties parameters were derived from the density of the bone including 
the modulus of elasticity, Poisson’s ratio, and shear modulus from the density of the bone 
depending on Hounsfield units. For anisotropic material properties, ten material groups 
were created for each segment of the bone model. This procedure is very important to 
provide more realistic approximations for the trabecular bone.  
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The mathematical relationship between the density and Hounsfield’s units was 
imported into Mimics program to calculate the density, as follows: 
    𝜌 = 0.0000464 𝐻𝑈 + 1               (9.27)  
          After that, the mathematical relationship between the density and the modulus of 
elasticity was imported in Mimics. Mathematical relationships between the modulus of 
elasticity and shear modulus with density that have be imported into Mimics, where 
different equations were used for the cortical bone segments and the cancellous bone 
segments. Figure (9.6) shows Hounsfield’s units and defining the materials where it shows 




Figure 9.6 Bone anisotropic material representation 




The meshing of the femoral bone model was performed into Ansys Workbench 
19.1. Tetrahedral element was used in this analysis with 0.02 mm element size. The number 
of elements was 26,898 for the femoral model.  
 
9.4.4 Loads and Boundary Conditions 
To mimic the individual realistic loading during walking, the gait cycle loads (taken 
from HIP98® program) should be applied as a time-dependent analysis along the bone 
longitudinal axis. However, as the simulation is time consuming process, only the uniaxial 
loading was performed here and under static conditions.  
 
9.5 NANO TO MICRO REPRESENTATION 
The results of the nanoscale modeling of the bone were imported into Ansys 
workbench. The anisotropic material properties were defined with respect to the collagen 
fibril orientation as shown in Figure (9.7). The 3D model of the bone at micro level was 
modeled in Mimics and then imported in Ansys workbench, as shown in Figure (9.8). 




Figure 9.7 Trabecula 3D model 
 
Figure 9.8 Collagen fibril orientation 
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The finite element simulation (Figure 9.10) demonstrated that the damage is higher 
in the parts with perpendicular orientation (90°) when compared with the parallel parts 
(0°). This supports our nano modeling investigation where we proposed that orientation 
has a significant effect on the bone. 
 






Figure 9.10 Damage distribution 
 
To investigate the effect of mechanical properties of the bone at nano level on 
higher levels, two different models were developed. The first model was a 3D model of the 
bone at micro level with anisotropic mechanical properties from our previous bone 
micromodel simulations. The second model was a 3D model at microlevel with the material 
properties imported from nanoscale modeling. Python program was used to perform the 
simulation, where the results from lower scale to upper scale can be implemented. The 
material properties were defined for each trabecula depending on the orientation and the 




       𝜎𝑈 = 1.936 − (0.4391 ∗ θ) + (557.1 ∗ 𝑈) + (0.03543 ∗ θ2) + (286.7 ∗ θ ∗ 𝑈) − (8.73 ∗ 𝑈2) −
(0.0005823 ∗ θ3) − (0.1433 ∗ θ2 ∗ 𝑈) + (55.63 ∗ θ ∗ 𝑈
2) − [(1.181 ∗ 1004) ∗ 𝑈
3] + [(2.72 ∗ 10−06) ∗
θ4] + (0.000296 ∗ θ3 ∗ 𝑈) + (0.3112 ∗ θ
2 ∗ 𝑈
2) − (121.9 ∗ θ ∗ 𝑈
3) + [(3.551 ∗ 1004) ∗ 𝑈
4] + [(1.954 ∗
10−05) ∗ θ4 ∗ 𝑈] − (0.008862 ∗ θ
3 ∗ 𝑈
2) + (1.328 ∗ θ2 ∗ 𝑈
3) − (0.8833 ∗ θ ∗ 𝑈
4) − (3.343e + 04 ∗ 𝑈
5) 
Where 𝜎𝑈 is the stress in un-hydrated environment, 𝑈 is the strain, and θ is the orientation 
angle. The results showed that there were no significant differences in the maximum von 
Mises stress of the two models, as shown in Figure (9.11). However, the contour 
distribution of the stresses was different. 
 
Figure 9.11 Stress distribution at micro level comparing the micro modeling (left) to the effect of 
nanoscale material properties (right) 
 
9.6 MICRO TO MACRO REPRESENTATION 
The same procedure was used to investigate the effect of lower levels of the bone 
on the macro level. Three models were developed with three different material 
representation. The first model was developed depending on the anisotropic representation 
of the density at macro level. Second model was developed depending on the micro scale 
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properties and the third model was developed depending on the nano scale properties. The 
von Mises stress distribution for all the three models is shown in Figure (9.12). The results 
show that there were no significant differences in the maximum von Mises stress of the 
three models. However, the contour distribution of the stresses was different. If we 
compare among areas 1, 2, and 3 in Figure (9.12), we can see that areas 1,2 and 3 showed 
higher stresses in the nano model, while only areas 1, and 2 were noticeable in the micro 
model, and only area 1 was concerning in the macro model. The difference between the 
three models means that investigating all the levels is essential to be able to provide a 
detailed specific representation in predicting any premature failure. 
 
Figure 9.12 Stress distribution at micro level comparing the macro modeling (left) to the effect of 




CHAPTER TEN : CONCLUSION AND FUTURE WORK 
 
10.1 CONCLUSION 
Understanding the hierarchical structure of a bone at different levels provides a clear 
knowledge about bone tissue mechanical properties and the effect of each level on damage 
accumulation. There is a need to understand bone structure more fully and how damage to 
bone develops and grows. In order to understand bone fracture, it is very important to study 
macro-scale, micro-scale, and nano-scale damage of bone with respect to mechanical and 
physiological loads.  
Macrodamage Accumulation Model of a Human Femur 
• Bone tissue damage cannot be expressed by only the cortical or the trabecular 
compositions, and both of them should be taken into consideration to develop more 
realistic simulations. 
• Bone damage behavior seems to follow a three-stage regression; stage one was 
described by a primary phase of damage growth, stage two was described by a secondary 
phase of damage growth, and stage three was described by the tertiary phase of damage 
growth. 
• The proposed method can be used as a standard that creates a realistic bone model with 
anisotropic material properties. Additionally, the proposed method can be used in 
customized diagnostic techniques or in navigation systems to provide accurate 
predictions before performing a surgery.  
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• The density and maximum von Mises stress decreased drastically in elderly, which 
means using the same fixation devices and implants as young cases is not reasonable. 
Different therapeutic techniques should be considered for older patients. 
• Our investigation supports the use of short titanium CM nail, as Kaplan-Meier survival 
analysis illustrated that this nail type is the least susceptible to failure for the fixation of 
femoral fractures when the use of long or short nails is possible.  
• Mathematical models and regression equations would be beneficial in developing a 
novel procedure to predict the failure of the bone/device constructs to make clinical 
decisions in the operating room. 
• Both the experimental work and finite element analysis support the assumption that 
fixing the screws in plates within angles (<15°) is preferred. 
Microdamage Accumulation of the Bone 
• The two-dimensional representation of the morphological parameters of the bone at 
microscale does not provide a realistic description of the bone structure especially at 
microlevel. The three-dimensional representation showed that the interconnectivity is 
higher in female than male. This could be one of the reasons that osteoporosis is higher 
in females.   
• Gender has a significant effect on microdamage distribution in a bone. More 




• Race should be considered during modeling implants or suggesting therapeutic 
techniques. Caucasian subjects are more susceptible to bone fatigue failure than other 
races. 
• Age is a significant factor and has an essential effect on bone at microlevel. The 
porosity, density, and ultimate tensile strength of a bone affected drastically in elderly, 
which means using the same fixation devices and implants as young cases is not 
reasonable. Different therapeutic techniques should be considered for older patients. 
Hierarchical Structure and Properties of the Bone at Nano Level 
• The mechanical properties of the bone are affected significantly by the orientation of 
the CF. Any change in the structure of the collagen-hydroxyapatite composite would 
lead to variable bone diseases. These results provide significant insight into the 
behavior of collagen-hydroxyapatite interface and represent a leap in understanding of 
bone material performance at the nano level.  
• There is a significant difference in the ultimate tensile strength and toughness with 
respect to the orientation of the hydrated and un-hydrated collagen fibrils, and water 
content dramatically influences the tissue elastic properties.  
• Having the force in longitudinal direction (0°) provides more strength compared with 
the collagen fibril in the perpendicular direction (90°).  
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• Substituting Glycine with any other amino acid affects the mechanical properties and 
strength of the CH, collagen-hydroxyapatite interface, and eventually affecting on the 
HAC. Consequently, it has been evidenced that the abnormality in the atomic structure 
of either the collagen or the hydroxyapatite is the main reason of the fragility in OI 
bone tissues.  
• Considering the hierarchical nature of the bone at macro, micro, and nano-levels is 
essential to be able to provide a detailed specific representation in predicting any 
premature failure and providing preliminary results before getting the surgery. 
10.2 FUTURE DIRECTION 
Although the models in the present research were able to provide a realistic representation 
of the mechanical behavior of bone tissue, there is still a need to investigate the engineering 
of materials used as implants. There is a lack of knowledge in the literature about the 
mechanical behavior of bone tissue and engineering materials in combined mode. Such 
data will be important in new material development efforts used as implants. Additionally, 
further evaluation of multiaxial representation of the bone as outlined in this research must 
be taken into consideration in order to creating thorough computational models for bone 
failure predictions. At the nano-level, experimental investigations are required to further 
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APPENDIX A: Material Group Numbers with Their Densities and the 
Nine Elastic Constants 
 
Material Group Numbers with Their Densities and the Nine Elastic Constants. The subscript numbers denote: 1 for radial 






E1 (GPa) E2 (GPa) E3 (GPa) 12 23 31 G12 G23 G31 
1 0.997 1.151 1.151 1.894 0.40 0.25 0.25 0.053 0.066 0.061 
2 0.998 1.153 1.153 1.897 0.40 0.25 0.25 0.053 0.066 0.061 
3 0.999 1.154 1.154 1.900 0.40 0.25 0.25 0.053 0.066 0.061 
4 1.000 1.156 1.156 1.903 0.40 0.25 0.25 0.053 0.066 0.061 
5 1.001 1.158 1.158 1.906 0.40 0.25 0.25 0.053 0.066 0.061 
6 1.002 1.160 1.160 1.909 0.40 0.25 0.25 0.053 0.066 0.061 
7 1.002 1.162 1.162 1.912 0.40 0.25 0.25 0.053 0.066 0.061 
8 1.003 1.164 1.164 1.915 0.40 0.25 0.25 0.053 0.067 0.062 
9 1.004 1.166 1.166 1.918 0.40 0.25 0.25 0.054 0.067 0.062 
10 1.005 1.168 1.168 1.921 0.40 0.25 0.25 0.054 0.067 0.062 
11 1.006 1.170 1.170 1.923 0.40 0.25 0.25 0.054 0.067 0.062 
12 1.007 1.172 1.172 1.926 0.40 0.25 0.25 0.054 0.067 0.062 
13 1.008 1.174 1.174 1.929 0.40 0.25 0.25 0.054 0.067 0.062 
14 1.009 1.176 1.176 1.932 0.40 0.25 0.25 0.054 0.067 0.062 
15 1.010 1.178 1.178 1.935 0.40 0.25 0.25 0.054 0.067 0.062 
16 1.011 1.180 1.180 1.938 0.40 0.25 0.25 0.054 0.068 0.063 
17 1.012 1.181 1.181 1.941 0.40 0.25 0.25 0.054 0.068 0.063 
18 1.013 1.183 1.183 1.944 0.40 0.25 0.25 0.054 0.068 0.063 
19 1.014 1.185 1.185 1.947 0.40 0.25 0.25 0.055 0.068 0.063 
20 1.015 1.187 1.187 1.950 0.40 0.25 0.25 0.055 0.068 0.063 
21 1.016 1.189 1.189 1.953 0.40 0.25 0.25 0.055 0.068 0.063 
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22 1.016 1.191 1.191 1.956 0.40 0.25 0.25 0.055 0.068 0.063 
23 1.017 1.193 1.193 1.959 0.40 0.25 0.25 0.055 0.068 0.063 
24 1.018 1.195 1.195 1.962 0.40 0.25 0.25 0.055 0.069 0.063 
25 1.019 1.197 1.197 1.965 0.40 0.25 0.25 0.055 0.069 0.064 
26 1.020 1.199 1.199 1.968 0.40 0.25 0.25 0.055 0.069 0.064 
27 1.021 1.201 1.201 1.971 0.40 0.25 0.25 0.055 0.069 0.064 
28 1.022 1.203 1.203 1.973 0.40 0.25 0.25 0.055 0.069 0.064 
29 1.023 1.205 1.205 1.976 0.40 0.25 0.25 0.056 0.069 0.064 
30 1.024 1.207 1.207 1.979 0.40 0.25 0.25 0.056 0.069 0.064 
31 1.025 1.209 1.209 1.982 0.40 0.25 0.25 0.056 0.069 0.064 
32 1.026 1.211 1.211 1.985 0.40 0.25 0.25 0.056 0.070 0.064 
33 1.027 1.213 1.213 1.988 0.40 0.25 0.25 0.056 0.070 0.065 
34 1.028 1.215 1.215 1.991 0.40 0.25 0.25 0.056 0.070 0.065 
35 1.029 1.217 1.217 1.994 0.40 0.25 0.25 0.056 0.070 0.065 
36 1.030 1.219 1.219 1.997 0.40 0.25 0.25 0.056 0.070 0.065 
37 1.030 1.221 1.221 2.000 0.40 0.25 0.25 0.056 0.070 0.065 
38 1.031 1.223 1.223 2.003 0.40 0.25 0.25 0.056 0.070 0.065 
39 1.032 1.224 1.224 2.006 0.40 0.25 0.25 0.057 0.070 0.065 
40 1.033 1.226 1.226 2.009 0.40 0.25 0.25 0.057 0.071 0.065 
41 1.034 1.228 1.228 2.012 0.40 0.25 0.25 0.057 0.071 0.065 
42 1.035 1.230 1.230 2.015 0.40 0.25 0.25 0.057 0.071 0.066 
43 1.036 1.232 1.232 2.018 0.40 0.25 0.25 0.057 0.071 0.066 
44 1.037 1.234 1.234 2.021 0.40 0.25 0.25 0.057 0.071 0.066 
45 1.038 12.363 12.363 20.240 0.40 0.25 0.25 5.367 6.683 6.185 
46 1.039 12.383 12.383 20.269 0.40 0.25 0.25 5.377 6.695 6.196 
47 1.040 12.403 12.403 20.299 0.40 0.25 0.25 5.386 6.707 6.207 
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48 1.041 12.423 12.423 20.329 0.40 0.25 0.25 5.396 6.719 6.218 
49 1.042 12.442 12.442 20.359 0.40 0.25 0.25 5.406 6.731 6.229 
50 1.043 12.462 12.462 20.389 0.40 0.25 0.25 5.415 6.743 6.240 
51 1.044 12.482 12.482 20.419 0.40 0.25 0.25 5.425 6.755 6.252 
52 1.044 12.502 12.502 20.449 0.40 0.25 0.25 5.435 6.767 6.263 
53 1.045 12.522 12.522 20.479 0.40 0.25 0.25 5.444 6.779 6.274 
54 1.046 12.542 12.542 20.509 0.40 0.25 0.25 5.454 6.791 6.285 
55 1.047 12.562 12.562 20.539 0.40 0.25 0.25 5.464 6.804 6.296 
56 1.048 12.582 12.582 20.569 0.40 0.25 0.25 5.474 6.816 6.308 
57 1.049 12.602 12.602 20.599 0.40 0.25 0.25 5.483 6.828 6.319 
58 1.050 12.622 12.622 20.629 0.40 0.25 0.25 5.493 6.840 6.330 
59 1.051 12.642 12.642 20.659 0.40 0.25 0.25 5.503 6.852 6.341 
60 1.052 12.662 12.662 20.689 0.40 0.25 0.25 5.513 6.864 6.353 
61 1.053 12.682 12.682 20.719 0.40 0.25 0.25 5.522 6.876 6.364 
62 1.054 12.702 12.702 20.749 0.40 0.25 0.25 5.532 6.889 6.375 
63 1.055 12.722 12.722 20.779 0.40 0.25 0.25 5.542 6.901 6.386 
64 1.056 12.742 12.742 20.810 0.40 0.25 0.25 5.552 6.913 6.398 
65 1.057 12.762 12.762 20.840 0.40 0.25 0.25 5.562 6.925 6.409 
66 1.058 12.782 12.782 20.870 0.40 0.25 0.25 5.572 6.938 6.420 
67 1.058 12.802 12.802 20.900 0.40 0.25 0.25 5.581 6.950 6.432 
68 1.059 12.822 12.822 20.930 0.40 0.25 0.25 5.591 6.962 6.443 
69 1.060 12.842 12.842 20.961 0.40 0.25 0.25 5.601 6.974 6.454 
70 1.061 12.862 12.862 20.991 0.40 0.25 0.25 5.611 6.987 6.466 
71 1.062 12.882 12.882 21.021 0.40 0.25 0.25 5.621 6.999 6.477 
72 1.063 12.902 12.902 21.051 0.40 0.25 0.25 5.631 7.011 6.489 
73 1.064 12.923 12.923 21.082 0.40 0.25 0.25 5.641 7.024 6.500 
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74 1.065 12.943 12.943 21.112 0.40 0.25 0.25 5.650 7.036 6.511 
75 1.066 12.963 12.963 21.142 0.40 0.25 0.25 5.660 7.048 6.523 
76 1.067 12.983 12.983 21.173 0.40 0.25 0.25 5.670 7.061 6.534 
77 1.068 13.003 13.003 21.203 0.40 0.25 0.25 5.680 7.073 6.546 
78 1.069 13.024 13.024 21.234 0.40 0.25 0.25 5.690 7.085 6.557 
79 1.070 13.044 13.044 21.264 0.40 0.25 0.25 5.700 7.098 6.569 






APPENDIX B: Material Group Numbers with the Elasticity Tensor 
Components (Stiffness Matrix) 
 
Material Group Numbers with the Elasticity Tensor Components (Stiffness Matrix). The subscript numbers denote: 1 






C11 C22 C33 C12 C13 C23 C44 C55 C66 
1 0.997 1.423 1.483 2.187 0.534 0.297 0.237 0.066 0.061 0.053 
2 0.998 1.426 1.541 2.455 0.535 0.297 0.238 0.066 0.061 0.053 
3 0.999 1.428 1.546 2.467 0.536 0.298 0.238 0.066 0.061 0.053 
4 1.000 1.431 1.551 2.479 0.536 0.298 0.238 0.066 0.061 0.053 
5 1.001 1.433 1.556 2.491 0.537 0.299 0.239 0.066 0.061 0.053 
6 1.002 1.435 1.561 2.503 0.538 0.299 0.239 0.066 0.061 0.053 
7 1.002 1.438 1.566 2.516 0.539 0.300 0.240 0.066 0.061 0.053 
8 1.003 1.440 1.572 2.528 0.540 0.300 0.240 0.067 0.062 0.053 
9 1.004 1.442 1.577 2.540 0.541 0.301 0.240 0.067 0.062 0.054 
10 1.005 1.445 1.582 2.552 0.542 0.301 0.241 0.067 0.062 0.054 
11 1.006 1.447 1.587 2.565 0.543 0.302 0.241 0.067 0.062 0.054 
12 1.007 1.450 1.593 2.577 0.544 0.302 0.242 0.067 0.062 0.054 
13 1.008 1.452 1.598 2.589 0.545 0.303 0.242 0.067 0.062 0.054 
14 1.009 1.454 1.603 2.602 0.545 0.303 0.242 0.067 0.062 0.054 
15 1.010 1.457 1.608 2.614 0.546 0.304 0.243 0.067 0.062 0.054 
16 1.011 1.459 1.614 2.627 0.547 0.304 0.243 0.068 0.063 0.054 
17 1.012 1.462 1.619 2.640 0.548 0.305 0.244 0.068 0.063 0.054 
18 1.013 1.464 1.624 2.652 0.549 0.305 0.244 0.068 0.063 0.054 
19 1.014 1.466 1.630 2.665 0.550 0.306 0.244 0.068 0.063 0.055 
20 1.015 1.469 1.635 2.678 0.551 0.306 0.245 0.068 0.063 0.055 
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21 1.016 1.471 1.640 2.691 0.552 0.307 0.245 0.068 0.063 0.055 
22 1.016 1.474 1.646 2.704 0.553 0.307 0.246 0.068 0.063 0.055 
23 1.017 1.476 1.651 2.717 0.554 0.308 0.246 0.068 0.063 0.055 
24 1.018 1.478 1.656 2.729 0.554 0.308 0.246 0.069 0.063 0.055 
25 1.019 1.481 1.662 2.743 0.555 0.309 0.247 0.069 0.064 0.055 
26 1.020 1.483 1.667 2.756 0.556 0.309 0.247 0.069 0.064 0.055 
27 1.021 1.486 1.673 2.769 0.557 0.310 0.248 0.069 0.064 0.055 
28 1.022 1.488 1.678 2.782 0.558 0.310 0.248 0.069 0.064 0.055 
29 1.023 1.491 1.684 2.795 0.559 0.311 0.248 0.069 0.064 0.056 
30 1.024 1.493 1.689 2.808 0.560 0.311 0.249 0.069 0.064 0.056 
31 1.025 1.495 1.695 2.822 0.561 0.312 0.249 0.069 0.064 0.056 
32 1.026 1.498 1.700 2.835 0.562 0.312 0.250 0.070 0.064 0.056 
33 1.027 1.500 1.706 2.849 0.563 0.313 0.250 0.070 0.065 0.056 
34 1.028 1.503 1.711 2.862 0.563 0.313 0.250 0.070 0.065 0.056 
35 1.029 1.505 1.717 2.876 0.564 0.314 0.251 0.070 0.065 0.056 
36 1.030 1.508 1.722 2.889 0.565 0.314 0.251 0.070 0.065 0.056 
37 1.030 1.510 1.728 2.903 0.566 0.315 0.252 0.070 0.065 0.056 
38 1.031 1.512 1.733 2.917 0.567 0.315 0.252 0.070 0.065 0.056 
39 1.032 1.515 1.739 2.930 0.568 0.316 0.252 0.070 0.065 0.057 
40 1.033 1.517 1.745 2.944 0.569 0.316 0.253 0.071 0.065 0.057 
41 1.034 1.520 1.750 2.958 0.570 0.317 0.253 0.071 0.065 0.057 
42 1.035 1.522 1.756 2.972 0.571 0.317 0.254 0.071 0.066 0.057 
43 1.036 1.525 1.761 2.986 0.572 0.318 0.254 0.071 0.066 0.057 
44 1.037 1.527 1.767 3.000 0.573 0.318 0.255 0.071 0.066 0.057 
45 1.038 15.295 15.932 23.369 5.736 3.186 2.549 6.683 6.185 5.367 
46 1.039 15.319 15.958 23.404 5.745 3.192 2.553 6.695 6.196 5.377 
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47 1.040 15.344 15.983 23.438 5.754 3.197 2.557 6.707 6.207 5.386 
48 1.041 15.368 16.009 23.473 5.763 3.202 2.561 6.719 6.218 5.396 
49 1.042 15.393 16.034 23.507 5.772 3.207 2.565 6.731 6.229 5.406 
50 1.043 15.417 16.060 23.542 5.781 3.212 2.570 6.743 6.240 5.415 
51 1.044 15.442 16.085 23.576 5.791 3.217 2.574 6.755 6.252 5.425 
52 1.044 15.466 16.111 23.611 5.800 3.222 2.578 6.767 6.263 5.435 
53 1.045 15.491 16.137 23.646 5.809 3.227 2.582 6.779 6.274 5.444 
54 1.046 15.516 16.162 23.680 5.818 3.232 2.586 6.791 6.285 5.454 
55 1.047 15.540 16.188 23.715 5.828 3.238 2.590 6.804 6.296 5.464 
56 1.048 15.565 16.214 23.750 5.837 3.243 2.594 6.816 6.308 5.474 
57 1.049 15.590 16.239 23.784 5.846 3.248 2.598 6.828 6.319 5.483 
58 1.050 15.614 16.265 23.819 5.855 3.253 2.602 6.840 6.330 5.493 
59 1.051 15.639 16.291 23.854 5.865 3.258 2.607 6.852 6.341 5.503 
60 1.052 15.664 16.316 23.888 5.874 3.263 2.611 6.864 6.353 5.513 
61 1.053 15.689 16.342 23.923 5.883 3.268 2.615 6.876 6.364 5.522 
62 1.054 15.713 16.368 23.958 5.892 3.274 2.619 6.889 6.375 5.532 
63 1.055 15.738 16.394 23.993 5.902 3.279 2.623 6.901 6.386 5.542 
64 1.056 15.763 16.420 24.028 5.911 3.284 2.627 6.913 6.398 5.552 
65 1.057 15.788 16.445 24.062 5.920 3.289 2.631 6.925 6.409 5.562 
66 1.058 15.812 16.471 24.097 5.930 3.294 2.635 6.938 6.420 5.572 
67 1.058 15.837 16.497 24.132 5.939 3.299 2.640 6.950 6.432 5.581 
68 1.059 15.862 16.523 24.167 5.948 3.305 2.644 6.962 6.443 5.591 
69 1.060 15.887 16.549 24.202 5.958 3.310 2.648 6.974 6.454 5.601 
70 1.061 15.912 16.575 24.237 5.967 3.315 2.652 6.987 6.466 5.611 
71 1.062 15.937 16.601 24.272 5.976 3.320 2.656 6.999 6.477 5.621 
72 1.063 15.962 16.627 24.307 5.986 3.325 2.660 7.011 6.489 5.631 
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73 1.064 15.987 16.653 24.342 5.995 3.331 2.664 7.024 6.500 5.641 
74 1.065 16.012 16.679 24.377 6.004 3.336 2.669 7.036 6.511 5.650 
75 1.066 16.037 16.705 24.412 6.014 3.341 2.673 7.048 6.523 5.660 
76 1.067 16.062 16.731 24.447 6.023 3.346 2.677 7.061 6.534 5.670 
77 1.068 16.087 16.757 24.482 6.033 3.351 2.681 7.073 6.546 5.680 
78 1.069 16.112 16.783 24.517 6.042 3.357 2.685 7.085 6.557 5.690 
79 1.070 16.137 16.809 24.552 6.051 3.362 2.689 7.098 6.569 5.700 
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APPENDIX D: The 313 Subjects’ Demography and the Results of the 
Finite Element Simulation 
 
The 313 subjects’ demography including race, age, gender, weight, height, body mass index 
(BMI), and the results of the finite element simulation (Maximum von Mises stress) 







Maximum von Mises Stress 
(MPa) 
1 c 23 Female 276 5.5 45.9 96.3432115 
2 c 23 Female 276 5.5 45.9 100.5581941 
5 b 37 Female 176 5.6 28.4 114.5019057 
6 b 37 Female 176 5.6 28.4 112.6426911 
7 m 40 Female 214 5.8 32.5 107.6397702 
8 m 40 Female 214 5.8 32.5 104.9664493 
9 b 41 Female 280 5.3 49.7 108.9722104 
10 b 41 Female 280 5.3 49.7 123.6573709 
11 c 41 Female 103 5.2 18.9 88.70948579 
12 c 41 Female 103 5.2 18.9 105.913427 
13 c 47 Female 138 6.1 18.3 90.42846163 
14 c 47 Female 138 6.1 18.3 93.03046649 
15 c 51 Female 152 5.7 24.2 86.07630599 
16 c 51 Female 152 5.7 24.2 99.70215283 
17 c 54 Female 141 5.8 21.9 90.00552353 
18 c 54 Female 130 5.5 21.6 85.24399887 
19 c 54 Female 141 5.8 21.9 86.31673704 
20 c 54 Female 130 5.5 21.6 95.08497036 
21 c 55 Female 173 5.1 32.7 78.07815807 
22 c 55 Female 173 5.1 32.7 84.21530448 
23 c 56 Female 229 5.2 41.9 80.80200015 
24 c 56 Female 157 5.6 25.4 70.29538733 
25 c 56 Female 223 5.10. 32.1 86.73360679 
26 c 56 Female 229 5.2 41.9 84.39758712 
27 c 56 Female 157 5.6 25.4 92.15348715 
28 c 56 Female 223 5.10. 32.1 95.2480615 
29 b 58 Female 251 5.6 40.6 76.28095187 
30 b 58 Female 251 5.6 40.6 89.97626173 
31 c 58 Female 218 5.7 34.1 77.45435427 
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32 c 58 Female 156 5.1 29.6 73.97627354 
33 c 58 Female 218 5.7 34.1 81.7925768 
34 c 58 Female 156 5.1 29.6 79.78162744 
35 b 59 Female 160 5.6 25.9 88.77568232 
36 b 59 Female 160 5.6 25.9 94.00242887 
37 b 60 Female 259 5.4 44.6 92.02381339 
38 b 60 Female 259 5.4 44.6 96.30359866 
39 c 60 Female 246 5.6 39.8 74.43720875 
40 c 60 Female 114 5.4 19.6 78.96834695 
41 c 60 Female 246 5.6 39.8 87.13927338 
42 c 60 Female 114 5.4 19.6 88.11963272 
43 c 61 Female 115 5.5 19.1 70.7760244 
44 c 61 Female 115 5.5 19.1 89.09999205 
45 b 62 Female 181 5.9 26.8 83.18976456 
46 b 62 Female 181 5.9 26.8 103.3096259 
47 c 62 Female 207 5 40.6 68.02827837 
48 c 62 Female 207 5 40.6 74.6444414 
49 c 62 Female 170 5.5 29.3 72.07738726 
50 c 62 Female 207 5 40.6 75.14923074 
51 c 62 Female 207 5 40.6 76.10743606 
52 c 62 Female 170 5.5 29.3 88.32189897 
53 c 63 Female 203 5.5 33.8 73.58441516 
54 c 63 Female 203 5.5 33.8 87.84279631 
55 b 65 Female 140 5.7 22 92.04548684 
56 b 65 Female 140 5.7 22 97.87432786 
57 c 65 Female 88 5.2 16.1 70.2064373 
58 c 65 Female 129 5.4 22.3 74.13229541 
59 c 65 Female 192 5.5 32.1 64.80790374 
60 c 65 Female 133 5.6 21.5 73.2844433 
61 c 65 Female 88 5.2 16.1 82.13373245 
62 c 65 Female 129 5.4 22.3 74.3994351 
63 c 65 Female 192 5.5 32.1 80.31233898 
64 c 65 Female 133 5.6 21.5 73.22547959 
65 b 66 Female 132 5.4 22.8 79.78918286 
66 b 66 Female 132 5.4 22.8 95.73812247 
67 c 66 Female 130 5.4 22.3 74.54209343 
68 c 66 Female 130 5.4 22.3 81.22303572 
69 c 67 Female 92 5.4 15.8 68.29700228 
403 
 
70 c 67 Female 121 5.6 20 62.26677145 
71 c 67 Female 100 5.7 15.7 61.79624825 
72 c 67 Female 92 5.4 15.8 79.24224061 
73 c 67 Female 121 5.6 20 77.47867697 
74 c 67 Female 100 5.7 15.7 78.36045879 
75 b 69 Female 209 5.1 39.5 79.02176721 
76 b 69 Female 270 5.7 42.3 84.96250394 
77 b 69 Female 209 5.1 39.5 93.8300214 
78 b 69 Female 270 5.7 42.3 81.95575254 
79 c 69 Female 250 5.7 39.2 61.48839512 
80 c 69 Female 178 4.11 36 60.56238857 
81 c 69 Female 250 5.7 39.2 76.0053025 
82 c 69 Female 178 4.11 36 76.85471494 
83 b 70 Female 204 5.2 37.3 77.03693898 
84 b 70 Female 204 5.2 37.3 92.80236177 
85 c 70 Female 218 5.4 37.6 64.02737611 
86 c 70 Female 158 5 30.9 67.87021513 
87 c 70 Female 218 5.4 37.6 64.48752802 
88 c 70 Female 158 5 30.9 75.15589006 
89 b 71 Female 128 5.11 17.9 73.22782146 
90 b 71 Female 128 5.11 17.9 89.89569669 
91 c 73 Female 112 5 21.9 67.42833105 
92 c 73 Female 112 5 21.9 62.35319086 
93 c 74 Female 195 5.1 36.8 58.30197806 
94 c 74 Female 199 5.4 34 56.72236484 
95 c 74 Female 151 5.3 26.8 55.01858144 
96 c 74 Female 115 5 22.6 55.7124626 
97 c 74 Female 195 5.1 36.8 59.32952764 
98 c 74 Female 199 5.4 34 59.32952764 
99 c 74 Female 151 5.3 26.8 69.94525703 
100 c 74 Female 115 5 22.6 61.71986699 
101 c 75 Female 148 5.5 24.6 51.77504834 
102 c 75 Female 148 5.5 24.6 67.60140234 
103 c 77 Female 162 5 31.67 61.48510655 
104 c 77 Female 108 5 21.1 50.00290125 
105 c 77 Female 165 5.7 25.9 51.52833799 
106 c 77 Female 162 5 31.67 66.39458135 
107 c 77 Female 108 5 21.1 59.34443934 
404 
 
108 c 77 Female 165 5.7 25.9 57.32893698 
109 c 78 Female 173 5.5 28.8 50.31715866 
110 c 78 Female 147 5 28.7 62.19316635 
111 c 78 Female 127 5.3 22.7 45.43611802 
112 c 78 Female 173 5.5 28.8 55.0690213 
113 c 78 Female 147 5 28.7 65.64127613 
114 c 78 Female 127 5.3 22.7 63.90207249 
115 c 79 Female 245 5.4 42.1 47.17765233 
116 c 79 Female 220 5.7 34.5 59.42918089 
117 c 79 Female 245 5.4 42.1 52.61626548 
118 c 79 Female 220 5.7 34.5 63.90207249 
119 c 80 Female 179 5 35 47.01542684 
120 c 80 Female 179 5 35 54.07281969 
121 b 82 Female 125 5.7 19.7 57.74053203 
122 b 82 Female 109 5.4 18.7 54.73045129 
123 b 82 Female 125 5.7 19.7 75.54244078 
124 b 82 Female 109 5.4 18.7 69.86375256 
125 c 82 Female 232 5.3 41.2 58.31419791 
126 c 82 Female 143 5.7 22.4 41.15444179 
127 c 82 Female 232 5.3 41.2 61.69768723 
128 c 82 Female 143 5.7 22.4 51.17240134 
129 b 83 Female 186 5.6 30.2 56.30468587 
130 b 83 Female 120 5.7 18.8 53.76322771 
131 b 83 Female 186 5.6 30.2 71.47190958 
132 b 83 Female 120 5.7 18.8 57.63959282 
133 c 83 Female 140 5.2 25.6 54.71173506 
134 c 83 Female 169 5.5 28.2 45.12059753 
135 c 83 Female 140 5.2 25.6 60.84888147 
136 c 83 Female 169 5.5 28.2 60.28501465 
137 b 84 Female 123 5.1 23.2 43.7003038 
138 b 84 Female 126 5.3 22.3 62.08188639 
139 b 84 Female 123 5.1 23.2 59.46281288 
140 b 84 Female 126 5.3 22.3 67.45854242 
141 c 85 Female 108 5 21.1 46.41627751 
142 c 85 Female 139 5.2 25.5 52.5501563 
143 c 85 Female 74 5.1 14 41.3804186 
144 c 85 Female 108 5 21.1 48.6171042 
145 c 85 Female 139 5.2 25.5 57.0886139 
405 
 
146 c 85 Female 74 5.1 14 57.76233385 
147 c 86 Female 123 5 24 143.864253 
148 c 86 Female 123 5 24 134.9283116 
149 b 89 Female 93 5.4 16 58.65337548 
150 b 89 Female 93 5.4 16 63.58586174 
151 c 89 Female 158 5.3 28.1 51.77089425 
152 c 89 Female 88 4.1 18.4 48.75691276 
153 c 89 Female 110 5.2 20.1 45.90971785 
154 c 89 Female 115 5.3 20.5 45.38817545 
155 c 89 Female 158 5.3 28.1 58.45183653 
156 c 89 Female 88 4.1 18.4 58.45183653 
157 c 89 Female 110 5.2 20.1 47.95900915 
158 c 89 Female 115 5.3 20.5 59.12571431 
159 c 90 Female 156 5.4 26.8 42.86581755 
160 c 90 Female 130 5.6 21 41.44646598 
161 c 90 Female 156 5.4 26.8 55.31802385 
162 c 90 Female 130 5.6 21 55.97367656 
163 c 91 Female 152 5.7 23.8 41.7031372 
164 c 91 Female 152 5.7 23.8 46.81037966 
165 c 95 Female 94 5.2 17.3 36.1983765 
166 c 95 Female 115 5.3 20.4 36.58280717 
167 c 95 Female 94 5.2 17.3 43.16536513 
168 c 95 Female 115 5.3 20.4 41.92696 
3 c 65 Male 164 5.10. 23.9 98.75522171 
4 c 65 Male 164 5.10. 23.9 112.6258905 
169 c 26 Male 150 5.11 21 113.3260758 
170 c 26 Male 150 5.11 21 129.0671862 
171 b 34 Male 173 5.7 27.1 133.8004843 
172 b 34 Male 173 5.7 27.1 135.2153153 
173 b 45 Male 345 6.2 44.3 127.6433774 
174 b 45 Male 345 6.2 44.3 126.5241228 
175 c 45 Male 191 5.9 28.3 107.7622238 
176 c 45 Male 191 5.9 28.3 118.9457823 
177 c 46 Male 192 5.7 30.1 102.684247 
178 c 46 Male 192 5.7 30.1 108.7458689 
179 b 48 Male 443 6.6 51 139.5954672 
180 b 48 Male 443 6.6 51 125.750051 
181 c 50 Male 338 6.2 43.4 105.1234226 
406 
 
182 c 50 Male 338 6.2 43.4 109.2641924 
183 c 51 Male 295 6.4 35.9 101.828936 
184 c 51 Male 200 6.2 25.7 104.5790075 
185 c 51 Male 167 5.4 28.8 108.6633359 
186 c 51 Male 295 6.4 35.9 115.5242459 
187 c 51 Male 200 6.2 25.7 115.5242459 
188 c 51 Male 167 5.4 28.8 109.2641924 
189 c 52 Male 178 6 24.5 106.9561485 
190 c 52 Male 178 6 24.5 114.6686909 
191 b 53 Male 195 4 59.5 125.4851955 
192 b 53 Male 195 4 59.5 132.6442056 
193 c 53 Male 181 5.11 25.2 106.5199891 
194 c 53 Male 171 5.7 26.9 109.1701877 
195 c 53 Male 181 5.11 25.2 107.3722848 
196 c 53 Male 171 5.7 26.9 106.111013 
197 c 54 Male 208 5.10. 29.9 102.8409666 
198 c 54 Male 220 6.2 28.3 103.4730039 
199 c 54 Male 181 5.9 26.8 104.6976643 
200 c 54 Male 208 5.10. 29.9 107.8343925 
201 c 54 Male 220 6.2 28.3 118.2800217 
202 c 54 Male 181 5.9 26.8 108.5488072 
203 b 55 Male 177 6 24.1 100.3347681 
204 b 55 Male 189 5.6 30.6 125.9166036 
205 b 55 Male 177 6 24.1 116.3999828 
206 b 55 Male 189 5.6 30.6 131.5462043 
207 c 55 Male 209 5.8 31.8 105.773151 
208 c 55 Male 209 5.8 31.8 113.8932643 
209 b 57 Male 170 5.8 25.9 120.2202944 
210 b 57 Male 170 5.8 25.9 117.2253422 
211 c 57 Male 158 5.8 24 124.6286143 
212 c 57 Male 198 5.5 33 97.39812585 
213 c 57 Male 243 6 33 104.4504489 
214 c 57 Male 158 5.8 24 120.000449 
215 c 57 Male 198 5.5 33 113.5697239 
216 c 57 Male 243 6 33 116.9663244 
217 c 58 Male 205 6 24.8 104.6431196 
218 c 58 Male 190 5.6 30.7 103.9306141 
219 c 58 Male 205 6 24.8 118.0642497 
407 
 
220 c 58 Male 190 5.6 30.7 107.1473748 
221 c 59 Male 178 5.10. 25.6 103.9321477 
222 c 59 Male 200 5.10. 28.7 95.15688654 
223 c 59 Male 143 5.9 21.2 112.1690035 
224 c 59 Male 178 5.10. 25.6 115.1056998 
225 c 59 Male 200 5.10. 28.7 112.624867 
226 c 59 Male 143 5.9 21.2 116.3461162 
227 b 60 Male 270 6 36.6 117.5983648 
228 b 60 Male 270 6 36.6 118.2545886 
229 c 60 Male 204 5.5 34 99.89208895 
230 c 60 Male 150 5.8 22.9 98.7744431 
231 c 60 Male 166 6 22.3 103.0367606 
232 c 60 Male 204 5.5 34 103.4469924 
233 c 60 Male 150 5.8 22.9 113.8652834 
234 c 60 Male 166 6 22.3 116.3518482 
235 c 61 Male 169 5.8 25.7 101.6116054 
236 c 61 Male 190 5.6 30.7 101.0512483 
237 c 61 Male 253 5.11 35.3 95.12808666 
238 c 61 Male 255 6 34.6 99.69742758 
239 c 61 Male 187 5.10. 26.8 97.22547276 
240 c 61 Male 150 5.8 22.8 98.09490165 
241 c 61 Male 169 5.8 25.7 104.6813549 
242 c 61 Male 190 5.6 30.7 112.0315796 
243 c 61 Male 253 5.11 35.3 101.3790176 
244 c 61 Male 255 6 34.6 115.7346669 
245 c 61 Male 187 5.10. 26.8 103.6510349 
246 c 61 Male 150 5.8 22.8 103.727698 
247 c 62 Male 239 5.10. 34.3 100.6934146 
248 c 62 Male 329 6.4 40.1 98.24227244 
249 c 62 Male 194 5.10. 27.8 98.14144447 
250 c 62 Male 224 6 30.5 100.1426866 
251 c 62 Male 319 6.4 38.8 98.78114464 
252 c 62 Male 239 5.10. 34.3 106.2508899 
253 c 62 Male 329 6.4 40.1 111.1979672 
254 c 62 Male 194 5.10. 27.8 112.4238234 
255 c 62 Male 224 6 30.5 114.6924416 
256 c 62 Male 319 6.4 38.8 104.7519302 
257 b 63 Male 243 6.2 31.3 110.2361107 
408 
 
258 b 63 Male 243 6.2 31.3 122.0795245 
259 c 63 Male 354 6.4 43.1 97.89837184 
260 c 63 Male 210 5.8 31.9 99.20288667 
261 c 63 Male 174 5.5 29 107.3433267 
262 c 63 Male 244 6.1 32.2 98.47215266 
263 c 63 Male 354 6.4 43.1 113.6496796 
264 c 63 Male 210 5.8 31.9 101.5913226 
265 c 63 Male 174 5.5 29 114.8755358 
266 c 63 Male 244 6.1 32.2 113.6290732 
267 b 64 Male 139 5.7 21.9 114.5251445 
268 b 64 Male 139 5.7 21.9 114.9343599 
269 c 64 Male 179 5.9 26.4 101.9971117 
270 c 64 Male 200 5.5 33.4 109.4151585 
271 c 64 Male 145 5.6 23.4 102.0072319 
272 c 64 Male 179 5.9 26.4 104.6303684 
273 c 64 Male 200 5.5 33.4 112.6155873 
274 c 64 Male 145 5.6 23.4 102.7039089 
275 b 65 Male 144 5.9 21.3 108.8271664 
276 b 65 Male 207 5.9 30.7 103.0987877 
277 b 65 Male 144 5.9 21.3 120.4432757 
278 b 65 Male 207 5.9 30.7 111.9445222 
279 c 65 Male 161 5.10. 23.1 98.70640462 
280 c 65 Male 205 6.1 27.1 100.4495747 
281 c 65 Male 143 5.6 23.1 106.8911972 
282 c 65 Male 247 5.9 36.5 106.777862 
283 c 65 Male 161 5.10. 23.1 100.3757042 
284 c 65 Male 205 6.1 27.1 113.6286534 
285 c 65 Male 143 5.6 23.1 102.7039089 
286 c 65 Male 247 5.9 36.5 102.5905737 
287 b 66 Male 199 5.8 30.3 109.0677429 
288 b 66 Male 199 5.8 30.3 113.1102738 
289 c 66 Male 181 5.6 30.3 94.40391202 
290 c 66 Male 214 6.2 27.5 100.4124391 
291 c 66 Male 181 5.6 30.3 101.7609348 
292 c 66 Male 214 6.2 27.5 110.3747261 
293 b 67 Male 123 5.9 18.2 119.0562768 
294 b 67 Male 123 5.9 18.2 113.2647183 
295 c 67 Male 283 6 38.9 95.12171747 
409 
 
296 c 67 Male 224 6.3 28 97.23811971 
297 c 67 Male 118 6.1 15.6 109.9097964 
298 c 67 Male 234 5.11 33.1 107.5151758 
299 c 67 Male 158 5.8 24.1 97.21031339 
300 c 67 Male 182 5.10. 26.1 102.5579549 
301 c 67 Male 283 6 38.9 99.35061827 
302 c 67 Male 224 6.3 28 113.8415088 
303 c 67 Male 118 6.1 15.6 105.0565862 
304 c 67 Male 234 5.11 33.1 111.9220144 
305 c 67 Male 158 5.8 24.1 102.7657281 
306 c 67 Male 182 5.10. 26.1 101.7094188 
307 m 67 Male 197 5.9 29.1 104.3037329 
308 m 67 Male 197 5.9 29.1 106.7828064 
309 b 68 Male 270 5.7 42.3 109.5452435 
310 b 68 Male 270 5.7 42.3 121.6236277 
311 c 68 Male 180 6.1 23.9 94.20385403 
312 c 68 Male 208 5.7 32.6 89.27859107 
313 c 68 Male 335 5.11 46.8 91.64964756 
314 c 68 Male 133 5.3 23.6 99.14243997 
315 c 68 Male 166 5.7 26 103.3436616 
316 c 68 Male 196 5.7 30.8 97.69066985 
317 c 68 Male 244 5.11 34.1 104.8995276 
318 c 68 Male 180 6.1 23.9 99.96608718 
319 c 68 Male 208 5.7 32.6 97.59166761 
320 c 68 Male 335 5.11 46.8 105.9830178 
321 c 68 Male 133 5.3 23.6 112.7850426 
322 c 68 Male 166 5.7 26 101.7469018 
323 c 68 Male 196 5.7 30.8 111.559278 
324 c 68 Male 244 5.11 34.1 109.8056432 
325 b 69 Male 297 6.5 35.3 117.3908014 
326 b 69 Male 297 6.5 35.3 120.1254781 
327 c 69 Male 195 4 59.6 99.0503094 
328 c 69 Male 175 5.11 24.5 99.35830988 
329 c 69 Male 265 6.1 35 96.60401046 
330 c 69 Male 177 5.10. 25.5 96.59556611 
331 c 69 Male 195 5.9 28.8 107.0160945 
332 c 69 Male 192 5.1 26.8 96.56764369 
333 c 69 Male 195 4 59.6 98.50935313 
410 
 
334 c 69 Male 175 5.11 24.5 97.59166761 
335 c 69 Male 265 6.1 35 108.597827 
336 c 69 Male 177 5.10. 25.5 110.9722466 
337 c 69 Male 195 5.9 28.8 103.5686722 
338 c 69 Male 192 5.1 26.8 101.9843438 
339 b 70 Male 190 6.1 25.1 103.1955197 
340 b 70 Male 190 6.1 25.1 108.9417617 
341 c 71 Male 203 5.8 31.4 100.315362 
342 c 71 Male 218 5.9 32.2 105.8182968 
343 c 71 Male 262 6.8 28.8 91.55739549 
344 c 71 Male 208 5.11 29.1 94.12142843 
345 c 71 Male 267 5.11 37.2 103.9761051 
346 c 71 Male 203 5.8 31.4 97.33671068 
347 c 71 Male 218 5.9 32.2 100.2683168 
348 c 71 Male 262 6.8 28.8 108.2252707 
349 c 71 Male 208 5.11 29.1 109.6820048 
350 c 71 Male 267 5.11 37.2 98.56086913 
351 c 72 Male 239 5.10. 34.4 89.5899858 
352 c 72 Male 238 6 32.4 99.42924926 
353 c 72 Male 178 5.7 28 95.82208844 
354 c 72 Male 239 5.10. 34.4 95.55602121 
355 c 72 Male 238 6 32.4 109.5009452 
356 c 72 Male 178 5.7 28 98.67359154 
357 b 73 Male 216 6.3 27 101.8693862 
358 b 73 Male 216 6.3 27 107.3864481 
359 c 73 Male 152 5.9 22.6 90.72129987 
360 c 73 Male 190 5.7 29.9 86.63759412 
361 c 73 Male 218 5.7 34.1 87.9549904 
362 c 73 Male 228 6 30.9 88.8440949 
363 c 73 Male 229 5.11 31.9 93.60852568 
364 c 73 Male 180 5.9 26.6 91.47159396 
365 c 73 Male 201 5.10. 29.3 96.12568249 
366 c 73 Male 152 5.9 22.6 106.5296265 
367 c 73 Male 190 5.7 29.9 94.40136553 
368 c 73 Male 218 5.7 34.1 94.40136553 
369 c 73 Male 228 6 30.9 94.40136553 
370 c 73 Male 229 5.11 31.9 107.6842822 
371 c 73 Male 180 5.9 26.6 96.98865587 
411 
 
372 c 73 Male 201 5.10. 29.3 98.4426604 
373 c 74 Male 194 5.8 29.5 97.47815883 
374 c 74 Male 196 5.6 31.6 87.3163759 
375 c 74 Male 267 5.11 37.4 90.29915871 
376 c 74 Male 194 5.8 29.5 102.8164487 
377 c 74 Male 196 5.6 31.6 94.13782959 
378 c 74 Male 267 5.11 37.4 95.2678569 
379 c 75 Male 190 5.10. 27.3 101.6989826 
380 c 75 Male 191 5.8 29.1 100.5166085 
381 c 75 Male 190 5.10. 27.3 106.2374402 
382 c 75 Male 191 5.8 29.1 94.61251053 
383 c 76 Male 140 5.2 25.6 92.46128083 
384 c 76 Male 109 5.8 16.6 93.08181778 
385 c 76 Male 140 5.2 25.6 94.05405042 
386 c 76 Male 109 5.8 16.6 94.69069494 
387 b 77 Male 190 6.2 24.4 102.4088993 
388 b 77 Male 190 6.2 24.4 103.9518914 
389 c 77 Male 183 5.10. 26.3 90.55968714 
390 c 77 Male 199 5.11 27.8 82.84368641 
391 c 77 Male 175 5.7 27.4 81.55904439 
392 c 77 Male 191 5.6 30.8 91.60852475 
393 c 77 Male 164 5.6 22.6 89.64028827 
394 c 77 Male 183 5.10. 26.3 102.7560798 
395 c 77 Male 199 5.11 27.8 100.1872614 
396 c 77 Male 175 5.7 27.4 97.84853809 
397 c 77 Male 191 5.6 30.8 90.70328978 
398 c 77 Male 164 5.6 22.6 91.82021 
399 c 78 Male 118 5.5 19.6 85.0656426 
400 c 78 Male 118 5.5 19.6 98.00479732 
401 c 79 Male 218 6.1 28.8 86.28613453 
402 c 79 Male 218 6.1 28.8 98.00479732 
403 c 80 Male 208 5.10. 29.9 81.89051569 
404 c 80 Male 208 5.10. 29.9 96.7806933 
405 c 81 Male 166 6 22.5 81.32474523 
406 c 81 Male 225 6 30.5 89.42882999 
407 c 81 Male 201 5.6 32.6 82.21063549 
408 c 81 Male 166 6 22.5 85.8938989 
409 c 81 Male 225 6 30.5 84.51813016 
412 
 
410 c 81 Male 201 5.6 32.6 96.42340342 
411 ai 82 Male 153 5.6 25.1 69.37164577 
412 ai 82 Male 153 5.6 25.1 75.12967368 
413 c 82 Male 205 5.6 33.1 79.24899819 
414 c 82 Male 160 5.10. 23.1 86.30910488 
415 c 82 Male 205 5.6 33.1 85.56129199 
416 c 82 Male 160 5.10. 23.1 93.29391793 
417 c 84 Male 233 5.6 37.6 89.4386578 
418 c 84 Male 195 5.7 30.6 86.10380775 
419 c 84 Male 188 5.7 29.6 78.06393127 
420 c 84 Male 233 5.6 37.6 82.85874501 
421 c 84 Male 195 5.7 30.6 80.82647229 
422 c 84 Male 188 5.7 29.6 83.87488137 
423 b 87 Male 149 6.1 19.7 98.09116114 
424 b 87 Male 149 6.1 19.7 105.5423628 
425 c 87 Male 149 5.10. 21.4 77.84333323 
426 c 87 Male 149 5.10. 21.4 85.29153537 
427 c 88 Male 164 5.3 29.1 85.6438684 
428 c 88 Male 164 5.3 29.1 97.23388143 
429 b 89 Male 112 5.11 15.8 100.7791053 
430 b 89 Male 112 5.11 15.8 105.0511683 
431 c 89 Male 209 5.8 32.4 78.46792111 
432 c 89 Male 209 5.8 32.4 93.99669229 
433 c 90 Male 123 5.6 19.9 85.32599605 
434 c 90 Male 123 5.6 19.9 96.09735829 
435 c 91 Male 175 6 23.8 77.52708109 
436 c 91 Male 175 6 23.8 92.88289962 
437 c 92 Male 175 5.4 30 86.61385292 
438 c 92 Male 175 5.4 30 85.14188555 
439 c 37 Female 123 5.10. 17.6 101.647666 
440 c 37 Female 123 5.10. 17.6 96.77789847 
441 b 51 Female 176 5.4 30.2 93.29101618 
442 b 51 Female 176 5.4 30.2 104.6778019 
443 c 52 Female 134 5.3 23.7 72.24797127 
444 c 52 Female 134 5.3 23.7 86.17421227 
445 c 55 Female 98 5 20.6 83.14848797 
446 c 55 Female 98 5 20.6 82.33574234 
447 c 57 Female 200 5.1 28.7 64.97424347 
413 
 
448 c 57 Female 200 5.1 28.7 70.73235534 
449 c 59 Female 127 5.1 24.1 72.02796634 
450 c 59 Female 127 5.1 24.1 70.73235534 
451 c 60 Female 150 5.5 25 68.75835459 
452 c 60 Female 150 5.5 25 68.49708977 
453 c 62 Female 337 5.8 51.2 67.8126598 
454 c 62 Female 337 5.8 51.2 86.88459099 
455 c 63 Female 273 5.9 40.3 63.89212612 
456 c 63 Female 273 5.9 40.3 66.52538282 
457 c 64 Female 199 5.4 34.2 88.92950901 
458 c 64 Female 199 5.4 34.2 89.59026983 
459 c 65 Female 116 5.5 19.4 71.83824193 
460 c 65 Female 116 5.5 19.4 83.04442919 
461 b 65 Female 112 5.2 20.5 90.79313027 
462 b 65 Female 112 5.2 20.5 86.02369769 
463 c 68 Female 210 5.9 31 57.60554657 
464 c 68 Female 210 5.9 31 70.57296058 
465 b 70 Female 195 5.3 34.5 78.29714637 
466 b 70 Female 195 5.3 34.5 91.9126689 
467 c 72 Female 146 5.3 26.3 61.09891481 
468 c 72 Female 146 5.3 26.3 63.18082435 
469 c 74 Female 108 5.2 19.8 48.22428346 
470 c 74 Female 108 5.2 19.8 61.9774592 
471 c 75 Female 142 5 27.7 59.47619483 
472 c 75 Female 150 5.6 24.4 47.56060911 
473 c 75 Female 142 5 27.7 61.9774592 
474 c 75 Female 150 5.6 24.4 58.10822384 
475 c 76 Female 139 5.3 24.6 45.70376249 
476 c 76 Female 139 5.3 24.6 60.5724626 
477 c 77 Female 128 5.5 21.4 48.72215649 
478 c 77 Female 128 5.5 21.4 58.10822384 
479 b 78 Female 95 5.6 15.6 54.19934182 
480 b 78 Female 95 5.6 15.6 69.80475684 
481 c 79 Female 125 5 24.4 66.82775324 
482 c 79 Female 125 5 24.4 62.97813784 
483 c 80 Female 184 5.6 29.8 51.92691025 
484 c 80 Female 184 5.6 29.8 59.89276721 
485 c 80 Female 189 5.3 33.5 45.59599458 
414 
 
486 c 80 Female 189 5.3 33.5 52.9692699 
487 c 80 Female 178 5.6 28.8 44.18616693 
488 c 80 Female 178 5.6 28.8 56.91104111 
489 b 83 Female 175 4.9 37.9 51.79665979 
490 b 83 Female 175 4.9 37.9 52.80809637 
491 c 84 Female 197 5.8 30.4 39.94592741 
492 c 84 Female 197 5.8 30.4 48.47674577 
493 b 85 Female 186 4.11 37.6 64.33565339 
494 b 85 Female 186 4.11 37.6 68.84220232 
495 c 86 Female 178 5.6 28.9 43.02779844 
496 c 86 Female 178 5.6 28.9 47.5867842 
497 c 87 Female 113 5.2 20.8 36.19711565 
498 c 87 Female 113 5.2 20.8 42.84226282 
499 c 88 Female 180 4.1 37.6 39.3810833 
500 c 88 Female 180 4.1 37.6 51.03918095 
501 c 90 Female 139 5.4 24 40.98246451 
502 c 90 Female 139 5.4 24 47.28513137 
503 c 90 Female 152 5.7 24 55.02760513 
504 c 90 Female 152 5.7 24 50.4553942 
505 c 91 Female 121 5.4 20.8 32.6730262 
506 c 91 Female 121 5.4 20.8 38.43113807 
507 c 91 Female 160 5 31.3 35.63034226 
508 c 91 Female 160 5 31.3 39.59819989 
509 c 92 Female 116 5.2 21.2 40.53714568 
510 c 92 Female 116 5.2 21.2 52.05545432 
511 c 20 Male 148 5.10. 21.3 99.38327335 
512 c 20 Male 148 5.10. 21.3 113.8868422 
513 b 30 Male 225 5.8 34.2 117.7009589 
514 b 30 Male 225 5.8 34.2 121.2844721 
515 c 31 Male 266 6.2 34.2 114.9426496 
516 c 31 Male 266 6.2 34.2 116.5143345 
517 b 46 Male 354 5.5 58.9 107.736363 
518 b 46 Male 354 5.5 58.9 120.703777 
519 c 51 Male 190 5.10. 27.4 98.60079512 
520 c 51 Male 190 5.10. 27.4 103.317245 
521 c 51 Male 189 5.8 30 95.13272084 
522 c 51 Male 189 5.8 30 104.0942287 
523 c 52 Male 225 5.7 35.2 108.9923735 
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524 c 52 Male 225 5.7 35.2 108.6335565 
525 b 54 Male 183 5.9 27 103.3750796 
526 b 54 Male 183 5.9 27 118.1007094 
527 c 55 Male 189 6.2 37.2 92.76814825 
528 c 55 Male 189 6.2 37.2 102.6130312 
529 c 55 Male 219 5.11 31 103.9407514 
530 c 55 Male 219 5.11 31 105.327674 
531 b 55 Male 284 5.11 39.7 102.5759514 
532 b 55 Male 284 5.11 39.7 116.0931683 
533 c 57 Male 204 5.10. 29.3 90.66861831 
534 c 57 Male 204 5.10. 29.3 92.500254 
535 c 58 Male 189 6.2 24.3 104.0409876 
536 c 58 Male 189 6.2 24.3 113.0024954 
537 b 58 Male 223 6.1 29.4 110.014697 
538 b 58 Male 223 6.1 29.4 104.7373616 
539 c 60 Male 264 5.10. 37.9 85.55413505 
540 c 60 Male 264 5.10. 37.9 100.9223174 
541 m 60 Male 113 6.2 27.4 118.7871682 
542 m 60 Male 113 6.2 27.4 126.4038965 
543 c 61 Male 132 5.11 18.4 101.5433897 
544 c 61 Male 132 5.11 18.4 101.7494836 
545 c 61 Male 206 6 28 100.6927163 
546 c 61 Male 206 6 28 97.21672197 
547 c 64 Male 161 5.11 22.6 106.1429992 
548 c 64 Male 161 5.11 22.6 101.5745538 
549 c 64 Male 170 5.6 27.8 98.94671583 
550 c 64 Male 170 5.6 27.8 105.6695143 
551 c 65 Male 247 5.9 36.5 93.64675385 
552 c 65 Male 247 5.9 36.5 88.50419394 
553 c 65 Male 128 5.8 19.6 96.19500595 
554 c 65 Male 128 5.8 19.6 89.43513937 
555 c 67 Male 134 5.6 21.6 94.77655115 
556 c 67 Male 134 5.6 21.6 110.3217949 
557 c 68 Male 260 5.9 38.4 83.62016824 
558 c 68 Male 260 5.9 38.4 96.17796184 
559 c 69 Male 135 6 18.3 93.66945547 
560 c 69 Male 135 6 18.3 86.90677957 
561 c 70 Male 240 6.2 31 105.7328727 
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562 c 70 Male 240 6.2 31 98.92958526 
563 c 71 Male 152 5.3 26.9 83.35851737 
564 c 71 Male 152 5.3 26.9 85.61028627 
565 c 71 Male 202 5.10. 29 86.33338189 
566 c 71 Male 202 5.10. 29 85.61028627 
567 c 73 Male 175 5.8 26.6 78.9128082 
568 c 73 Male 175 5.8 26.6 84.00946441 
569 c 73 Male 188 6 25.6 89.88696908 
570 c 73 Male 188 6 25.6 104.2203394 
571 b 73 Male 156 6 21.2 88.23901012 
572 b 73 Male 156 6 21.2 93.51090078 
573 c 73 Male 270 6 36.6 77.27682592 
574 c 73 Male 270 6 36.6 81.9541773 
575 c 74 Male 155 5.5 25.9 74.29336888 
576 c 74 Male 155 5.5 25.9 93.58379408 
577 c 75 Male 16 5.5 27.1 93.47985859 
578 c 75 Male 16 5.5 27.1 95.2781601 
579 c 76 Male 170 5.6 27.4 76.39500029 
580 c 76 Male 170 5.6 27.4 78.66288989 
581 c 76 Male 162 5.6 26.6 74.59757068 
582 c 76 Male 162 5.6 26.6 80.65100787 
583 c 77 Male 170 5.2 31.1 87.22268552 
584 c 77 Male 170 5.2 31.1 88.24675975 
585 c 77 Male 233 6.4 28.5 91.16461347 
586 c 77 Male 233 6.4 28.5 86.99926849 
587 c 77 Male 182 5.11 25.4 81.0098248 
588 c 77 Male 182 5.11 25.4 80.65100787 
589 c 77 Male 172 6 23.4 85.21311992 
590 c 77 Male 172 6 23.4 88.18584772 
591 b 78 Male 163 5.6 26.6 93.28599516 
592 b 78 Male 163 5.6 26.6 88.71378424 
593 c 79 Male 167 5.9 24.7 70.47363007 
594 c 79 Male 167 5.9 24.7 76.28329574 
595 c 79 Male 188 6.6 21.8 74.67053706 
596 c 79 Male 188 6.6 21.8 78.36475947 
597 c 83 Male 210 5.11 29.3 64.99294347 
598 c 83 Male 210 5.11 29.3 71.68124504 
599 c 85 Male 195 5.9 28.9 75.54108818 
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600 c 85 Male 195 5.9 28.9 80.81228865 
601 c 85 Male 205 6 27.8 87.38264198 
602 c 85 Male 205 6 27.8 86.3532336 
603 c 85 Male 155 5.9 22.9 65.26268179 
604 c 85 Male 155 5.9 22.9 80.59583328 
605 c 87 Male 185 5.10. 26.5 67.10660381 
606 c 87 Male 185 5.10. 26.5 84.54369532 
607 c 88 Male 127 5.6 20.6 69.55702069 
608 c 88 Male 127 5.6 20.6 75.73625131 
609 c 90 Male 172 5.10. 24.8 71.91526009 
610 c 90 Male 172 5.10. 24.8 83.53218973 
611 c 90 Male 233 5.9 35 66.14930438 
612 c 90 Male 233 5.9 35 82.67410258 
613 c 93 Male 153 6.1 20.2 85.94188717 
















APPENDIX E: MATLAB Code for Developing Regression Model of 
Bone Damage Accumulation 
 
MATLAB Code for Developing Regression Model of Bone Damage Accumulation with Respect 
to Axial Stiffness and Bone Mineral Density 
 
function [fitresult, gof] = createFit(FinalStiffness, Density, 
FinalDamage) 
%CREATEFIT(FINALSTIFFNESS,DENSITY,FINALDAMAGE) 
%  Create a fit. 
% 
%  Data for 'untitled fit 1' fit: 
%      X Input : FinalStiffness 
%      Y Input : Density 
%      Z Output: FinalDamage 
%  Output: 
%      fitresult : a fit object representing the fit. 
%      gof : structure with goodness-of fit info. 
% 
%  See also FIT, CFIT, SFIT. 
  
%% Fit: 'untitled fit 1'. 
[xData, yData, zData] = prepareSurfaceData( FinalStiffness, 
Density, FinalDamage ); 
  
% Set up fittype and options. 
ft = fittype( 'poly32' ); 
  
% Fit model to data. 
[fitresult, gof] = fit( [xData, yData], zData, ft, 'Normalize', 
'on' ); 
  
% Plot fit with data. 
Figure( 'Name', 'untitled fit 1' ); 
h = plot( fitresult, [xData, yData], zData ); 
legend( h, 'untitled fit 1', 'FinalDamage vs. FinalStiffness, 
Density', 'Location', 'NorthEast' ); 





function createFigure(ZData1, YData1, XData1, VertexNormals1, 
XData2, YData2, ZData2) 
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%CREATEFIGURE(ZDATA1, YDATA1, XDATA1, VERTEXNORMALS1, XDATA2, 
YDATA2, ZDATA2) 
%  ZDATA1:  surface zdata 
%  YDATA1:  surface ydata 
%  XDATA1:  surface xdata 
%  VERTEXNORMALS1:  surface vertexnormals 
%  XDATA2:  line xdata 
%  YDATA2:  line ydata 
%  ZDATA2:  line zdata 
  
% Create Figure 
Figure1 = Figure('Tag','Print CFTOOL to Figure',... 
    'Color',[0.941176470588235 0.941176470588235 
0.941176470588235],... 
    'OuterPosition',[1 1 1280 434]); 
  
% Create axes 
axes1 = axes('Parent',Figure1,'Tag','sftool surface axes'); 
hold(axes1,'on'); 
  
% Create surface 
surface('Parent',axes1,'ZData',ZData1,'YData',YData1,'XData',XDat
a1,... 
    'DisplayName','untitled fit 1',... 
    'VertexNormals',VertexNormals1,... 
    'EdgeAlpha',0.3,... 
    'CData',ZData1); 
  
% Create line 
line(XData2,YData2,ZData2,'Parent',axes1,... 
    'DisplayName','FinalDamage vs. FinalStiffness, Density',... 
    'MarkerFaceColor',[0 0 0],... 
    'MarkerEdgeColor',[0 0 0],... 
    'MarkerSize',3,... 
    'Marker','o',... 
    'LineStyle','none'); 
  
% Create xlabel 
xlabel('Axial Stiffness'); 
  
% Create zlabel 
zlabel('Damage'); 
  





% Uncomment the following line to preserve the X-limits of the 
axes 
% xlim(axes1,[245.4 1273.3]); 
% Uncomment the following line to preserve the Y-limits of the 
axes 
% ylim(axes1,[0.5554 2.0508]); 
% Uncomment the following line to preserve the Z-limits of the 
axes 




% Create legend 
legend1 = legend(axes1,'show'); 
set(legend1,'Interpreter','none','EdgeColor',[0.15 0.15 0.15],... 

































APPENDIX F: Cyclic Damage Modeling Statistical Analysis 
 
Bivariate Fit of Final Damage By Density Nail Type=Long IMHS 
 




Bivariate Fit of Final Damage By Density Nail Type=Short IMHS 
 














APPENDIX G: Fractographic Examination 
 
Figure G1. The quasi-cleavages, which are characteristics of fatigue failure (SEM) 
 
Figure G 2. Topographical SEM image of the CS1 at the fracture surface showing the damage origin 




Figure G3. Topographical SEM image of the CS1 showing striations 
 
Figure G 4. Topographical SEM image of the CS1 showing a microcrack at detail 2(left). Detail 3 




Figure G5. Topographical SEM image of the CS4 showing the details of interest at the fracture 
surface 
  




Figure G7. Topographical SEM image of the CS4 showing detail 1 (left). Detail 2 (right) showing 
striations 
 
Figure G8. Topographical SEM image of the locking screw (LC) showing the damage origin and 




Figure G9. Topographical SEM image of the locking screw (LC) showing highly mechanically 
rubbed surfaces with some striations on detail 3 (right) 
 
Figure G10. Topographical SEM image of the locking screw (LE) at the fracture surface showing 




Figure G11. Topographical SEM image of the locking screw (LE) showing detail 1 (left). Detail 2 




APPENDIX H: Biomechanical Behavior of a Variable Angle Locked 
Tibiotalocalcaneal Construct 
   
(a)                                         (b)                      
    
               (c)                                         (d) 
H.1. Energy Dispersive X-ray analysis shows the peaks of different element weight percent in (a) the plate, 









H.3. Pitting observed on PHILOS plate. (a) High magnification image indicates pitting (b) Higher 
magnification image showing pits boundaries. (c) 3D morphology; (d) 3D surface plot showing the depth of 
the pit. (e) The spectrum of the 3D surface plot (red represents the deeper part and blue represents the surface). 













H.4.Density plot of pits aspect ratios ranges from (0.46-1.78). 
 





H.6. A Montage of SEM images showing the fracture surface of the cannulated screw, (b) Fatigue striations, 
(c) Intergranular cracking (bottom left) with a secondary crack. B (a) Montage of SEM images showing 






H.7.  (a) Montage of SEM images showing fracture surface of the cortical screw (CS1), (b), (c), and (d) 
striations, river lines perpendicular to striations. River lines point towards initiation point. (river lines run 






H.8. (a) Fracture surface of the cortical screw (CS1), (b) and (c) mechanical damage caused by scratching 














H.10. (a) Montage of SEM images showing the fracture surface of the cortical screw (CS4) (b) flattening 
from rubbing. 
 
H.11. (a) Montage of SEM images showing fracture surface of locking screw (LC), (b), (c), and (d) pore or 







H.12. Evidence of Si-based inclusions, these inclusions have sharp points and could be crack initiators 
 





H.14. Counting the average striation spacing on the surface of CS1 screw shows that the crack propagated 
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20° 30° 40° 
   
H.17. Total displacement (mm) of the PHILOS construct with VALS and VANS at upward angles (5°, 10°, 
15°, 20°, 30°, 40°) to the neutral axis. 
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-5° -10° -15° 
 
  
-20° -30° -40° 
   
H.18. Total displacement (mm) of the PHILOS construct with VALS and VANS at downward angles (5°, 





H.19. VANS displacement vs screw angles and screw position. 
 







H.21. The von Mises stress, displacement, and stiffness for each model (with locking and 
nonlocking screws) with different angles. 
  with locking Screws with nonlocking screws 
  












Experimental study [27] 
    Group 1 (no locking 
screws) 
- - - - 0.58 1121.32 
    Group 2 (one locking 
screw) 
- 0.7552 745.3 - 0.7552 745.3 
    Group 3 (one locking 
screw) 
- 0.7746 620.03 - 0.7746 620.03 
    Group 4 (two locking 
screws) 
- 1.2238 1231.23 - 1.2238 1231.23 
Computational simulation 
    Perpendicular to the 
plate (0°) 
37.6020 0.0122 816.7199 93.0720 0.2759 362.3753 
    Upward (5°) angle 38.2771 0.0124 806.5180 94.6232 0.2798 357.4377 
    Upward (10°) angle 45.0284 0.0139 716.9600 110.1352 0.3179 314.5747 
    Upward (15°) angle 48.8468 0.0155 645.6612 155.1200 0.3812 262.3260 
    Upward (20°) angle 53.1884 0.0170 586.9647 164.4272 0.4190 238.4782 
    Upward (30°) angle 59.0027 0.0187 533.6043 173.8895 0.4613 216.7984 
    Upward (40°) angle 67.5130 0.0206 485.0948 184.9030 0.5074 197.0894 
    Downward (5°) angle 38.1834 0.0124 808.6336 94.4109 0.2790 358.2815 
    Downward (10°) angle 43.4163 0.0125 800.6273 95.9621 0.2829 353.4541 
    Downward (15°) angle 44.0914 0.0126 792.7003 133.8900 0.3153 317.1432 
    Downward (20°) angle 50.8427 0.0127 784.8518 143.1972 0.3468 288.3120 
    Downward (30°) angle 54.6611 0.0129 777.0810 152.6595 0.3815 262.1018 






APPENDIX I: The Elasticity Tensor Components For Each Material 
Group 
 











v12 v23 v31 G12 G23 G31 
1 c 23 f 276 5.5 45.9 1.027 1.027 1.706 0.400 0.250 0.250 0.046 0.058 0.053 
2 c 23 f 276 5.5 45.9 1.108 1.108 1.830 0.400 0.250 0.250 0.051 0.063 0.058 
5 b 37 f 176 5.6 28.4 1.396 1.396 2.264 0.400 0.250 0.250 0.066 0.082 0.076 
6 b 37 f 176 5.6 28.4 1.356 1.356 2.204 0.400 0.250 0.250 0.063 0.079 0.073 
7 m 40 f 214 5.8 32.5 1.251 1.251 2.046 0.400 0.250 0.250 0.058 0.072 0.067 
8 m 40 f 214 5.8 32.5 1.196 1.196 1.963 0.400 0.250 0.250 0.055 0.069 0.064 
9 b 41 f 280 5.3 49.7 1.278 1.278 2.087 0.400 0.250 0.250 0.059 0.074 0.068 
10 b 41 f 280 5.3 49.7 1.601 1.601 2.568 0.400 0.250 0.250 0.076 0.095 0.088 
11 c 41 f 103 5.2 18.9 0.886 0.886 1.490 0.400 0.250 0.250 0.039 0.049 0.045 
12 c 41 f 103 5.2 18.9 1.215 1.215 1.992 0.400 0.250 0.250 0.056 0.070 0.065 
13 c 47 f 138 6.1 18.3 0.917 0.917 1.537 0.400 0.250 0.250 0.041 0.051 0.047 
14 c 47 f 138 6.1 18.3 0.965 0.965 1.610 0.400 0.250 0.250 0.043 0.054 0.050 
15 c 51 f 152 5.7 24.2 0.840 0.840 1.418 0.400 0.250 0.250 0.037 0.046 0.043 
16 c 51 f 152 5.7 24.2 1.091 1.091 1.804 0.400 0.250 0.250 0.050 0.062 0.057 
17 c 54 f 141 5.8 21.9 0.910 0.910 1.525 0.400 0.250 0.250 0.041 0.050 0.047 
18 c 54 f 130 5.5 21.6 0.826 0.826 1.395 0.400 0.250 0.250 0.036 0.045 0.042 
19 c 54 f 141 5.8 21.9 0.844 0.844 1.424 0.400 0.250 0.250 0.037 0.046 0.043 
20 c 54 f 130 5.5 21.6 1.003 1.003 1.669 0.400 0.250 0.250 0.045 0.056 0.052 
21 c 55 f 173 5.1 32.7 0.706 0.706 1.208 0.400 0.250 0.250 0.030 0.038 0.035 
22 c 55 f 173 5.1 32.7 0.808 0.808 1.368 0.400 0.250 0.250 0.035 0.044 0.041 
23 c 56 f 229 5.2 41.9 0.751 0.751 1.278 0.400 0.250 0.250 0.033 0.041 0.038 
24 c 56 f 157 5.6 25.4 0.586 0.586 1.017 0.400 0.250 0.250 0.025 0.031 0.028 
25 c 56 f 223 5.10. 32.1 0.852 0.852 1.436 0.400 0.250 0.250 0.038 0.047 0.043 
26 c 56 f 229 5.2 41.9 0.811 0.811 1.373 0.400 0.250 0.250 0.036 0.044 0.041 
27 c 56 f 157 5.6 25.4 0.949 0.949 1.586 0.400 0.250 0.250 0.042 0.053 0.049 
28 c 56 f 223 5.10. 32.1 1.006 1.006 1.674 0.400 0.250 0.250 0.045 0.057 0.052 
29 b 58 f 251 5.6 40.6 0.678 0.678 1.163 0.400 0.250 0.250 0.029 0.036 0.034 
30 b 58 f 251 5.6 40.6 0.909 0.909 1.525 0.400 0.250 0.250 0.040 0.050 0.047 
31 c 58 f 218 5.7 34.1 0.696 0.696 1.192 0.400 0.250 0.250 0.030 0.037 0.035 
32 c 58 f 156 5.1 29.6 0.642 0.642 1.106 0.400 0.250 0.250 0.027 0.034 0.032 
33 c 58 f 218 5.7 34.1 0.767 0.767 1.304 0.400 0.250 0.250 0.033 0.042 0.039 
34 c 58 f 156 5.1 29.6 0.734 0.734 1.252 0.400 0.250 0.250 0.032 0.040 0.037 
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35 b 59 f 160 5.6 25.9 0.888 0.888 1.491 0.400 0.250 0.250 0.039 0.049 0.045 
36 b 59 f 160 5.6 25.9 0.983 0.983 1.638 0.400 0.250 0.250 0.044 0.055 0.051 
37 b 60 f 259 5.4 44.6 0.946 0.946 1.582 0.400 0.250 0.250 0.042 0.053 0.049 
38 b 60 f 259 5.4 44.6 1.026 1.026 1.704 0.400 0.250 0.250 0.046 0.058 0.053 
39 c 60 f 246 5.6 39.8 0.649 0.649 1.117 0.400 0.250 0.250 0.028 0.035 0.032 
40 c 60 f 114 5.4 19.6 0.721 0.721 1.231 0.400 0.250 0.250 0.031 0.039 0.036 
41 c 60 f 246 5.6 39.8 0.859 0.859 1.447 0.400 0.250 0.250 0.038 0.047 0.044 
42 c 60 f 114 5.4 19.6 0.876 0.876 1.473 0.400 0.250 0.250 0.039 0.048 0.045 
43 c 61 f 115 5.5 19.1 0.593 0.593 1.029 0.400 0.250 0.250 0.025 0.031 0.029 
44 c 61 f 115 5.5 19.1 0.893 0.893 1.500 0.400 0.250 0.250 0.040 0.049 0.046 
45 b 62 f 181 5.9 26.8 0.791 0.791 1.341 0.400 0.250 0.250 0.035 0.043 0.040 
46 b 62 f 181 5.9 26.8 1.163 1.163 1.912 0.400 0.250 0.250 0.053 0.066 0.062 
47 c 62 f 207 5 40.6 0.553 0.553 0.964 0.400 0.250 0.250 0.023 0.029 0.027 
48 c 62 f 207 5 40.6 0.652 0.652 1.122 0.400 0.250 0.250 0.028 0.035 0.032 
49 c 62 f 170 5.5 29.3 0.613 0.613 1.060 0.400 0.250 0.250 0.026 0.032 0.030 
50 c 62 f 207 5 40.6 0.660 0.660 1.135 0.400 0.250 0.250 0.028 0.035 0.033 
51 c 62 f 207 5 40.6 0.675 0.675 1.159 0.400 0.250 0.250 0.029 0.036 0.033 
52 c 62 f 170 5.5 29.3 0.880 0.880 1.479 0.400 0.250 0.250 0.039 0.049 0.045 
53 c 63 f 203 5.5 33.8 0.636 0.636 1.096 0.400 0.250 0.250 0.027 0.034 0.031 
54 c 63 f 203 5.5 33.8 0.871 0.871 1.466 0.400 0.250 0.250 0.039 0.048 0.044 
55 b 65 f 140 5.7 22 0.947 0.947 1.583 0.400 0.250 0.250 0.042 0.053 0.049 
56 b 65 f 140 5.7 22 1.056 1.056 1.750 0.400 0.250 0.250 0.048 0.060 0.055 
57 c 65 f 88 5.2 16.1 0.585 0.585 1.015 0.400 0.250 0.250 0.025 0.031 0.028 
58 c 65 f 129 5.4 22.3 0.644 0.644 1.110 0.400 0.250 0.250 0.027 0.034 0.032 
59 c 65 f 192 5.5 32.1 0.507 0.507 0.890 0.400 0.250 0.250 0.021 0.026 0.024 
60 c 65 f 133 5.6 21.5 0.631 0.631 1.089 0.400 0.250 0.250 0.027 0.033 0.031 
61 c 65 f 88 5.2 16.1 0.773 0.773 1.313 0.400 0.250 0.250 0.034 0.042 0.039 
62 c 65 f 129 5.4 22.3 0.648 0.648 1.116 0.400 0.250 0.250 0.028 0.034 0.032 
63 c 65 f 192 5.5 32.1 0.743 0.743 1.265 0.400 0.250 0.250 0.032 0.040 0.037 
64 c 65 f 133 5.6 21.5 0.630 0.630 1.088 0.400 0.250 0.250 0.027 0.033 0.031 
65 b 66 f 132 5.4 22.8 0.734 0.734 1.252 0.400 0.250 0.250 0.032 0.040 0.037 
66 b 66 f 132 5.4 22.8 1.015 1.015 1.688 0.400 0.250 0.250 0.046 0.057 0.053 
67 c 66 f 130 5.4 22.3 0.650 0.650 1.120 0.400 0.250 0.250 0.028 0.035 0.032 
68 c 66 f 130 5.4 22.3 0.758 0.758 1.289 0.400 0.250 0.250 0.033 0.041 0.038 
69 c 67 f 92 5.4 15.8 0.557 0.557 0.970 0.400 0.250 0.250 0.023 0.029 0.027 
70 c 67 f 121 5.6 20 0.472 0.472 0.834 0.400 0.250 0.250 0.019 0.024 0.022 
71 c 67 f 100 5.7 15.7 0.466 0.466 0.823 0.400 0.250 0.250 0.019 0.024 0.022 
72 c 67 f 92 5.4 15.8 0.725 0.725 1.238 0.400 0.250 0.250 0.031 0.039 0.036 
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73 c 67 f 121 5.6 20 0.697 0.697 1.193 0.400 0.250 0.250 0.030 0.037 0.035 
74 c 67 f 100 5.7 15.7 0.711 0.711 1.215 0.400 0.250 0.250 0.031 0.038 0.035 
75 b 69 f 209 5.1 39.5 0.721 0.721 1.232 0.400 0.250 0.250 0.031 0.039 0.036 
76 b 69 f 270 5.7 42.3 0.821 0.821 1.388 0.400 0.250 0.250 0.036 0.045 0.042 
77 b 69 f 209 5.1 39.5 0.980 0.980 1.633 0.400 0.250 0.250 0.044 0.055 0.051 
78 b 69 f 270 5.7 42.3 0.770 0.770 1.308 0.400 0.250 0.250 0.034 0.042 0.039 
79 c 69 f 250 5.7 39.2 0.462 0.462 0.817 0.400 0.250 0.250 0.019 0.024 0.022 
80 c 69 f 178 4.11 36 0.449 0.449 0.797 0.400 0.250 0.250 0.018 0.023 0.021 
81 c 69 f 250 5.7 39.2 0.673 0.673 1.156 0.400 0.250 0.250 0.029 0.036 0.033 
82 c 69 f 178 4.11 36 0.687 0.687 1.177 0.400 0.250 0.250 0.030 0.037 0.034 
83 b 70 f 204 5.2 37.3 0.690 0.690 1.182 0.400 0.250 0.250 0.030 0.037 0.034 
84 b 70 f 204 5.2 37.3 0.961 0.961 1.604 0.400 0.250 0.250 0.043 0.054 0.050 
85 c 70 f 218 5.4 37.6 0.496 0.496 0.873 0.400 0.250 0.250 0.021 0.026 0.024 
86 c 70 f 158 5 30.9 0.550 0.550 0.960 0.400 0.250 0.250 0.023 0.029 0.027 
87 c 70 f 218 5.4 37.6 0.502 0.502 0.883 0.400 0.250 0.250 0.021 0.026 0.024 
88 c 70 f 158 5 30.9 0.660 0.660 1.135 0.400 0.250 0.250 0.028 0.035 0.033 
89 b 71 f 128 5.11 17.9 0.630 0.630 1.088 0.400 0.250 0.250 0.027 0.033 0.031 
90 b 71 f 128 5.11 17.9 0.908 0.908 1.522 0.400 0.250 0.250 0.040 0.050 0.047 
91 c 73 f 112 5 21.9 0.544 0.544 0.950 0.400 0.250 0.250 0.023 0.028 0.026 
92 c 73 f 112 5 21.9 0.473 0.473 0.836 0.400 0.250 0.250 0.019 0.024 0.022 
93 c 74 f 195 5.1 36.8 0.420 0.420 0.748 0.400 0.250 0.250 0.017 0.021 0.020 
94 c 74 f 199 5.4 34 0.400 0.400 0.715 0.400 0.250 0.250 0.016 0.020 0.019 
95 c 74 f 151 5.3 26.8 0.379 0.379 0.680 0.400 0.250 0.250 0.015 0.019 0.017 
96 c 74 f 115 5 22.6 0.387 0.387 0.695 0.400 0.250 0.250 0.016 0.019 0.018 
97 c 74 f 195 5.1 36.8 0.433 0.433 0.770 0.400 0.250 0.250 0.018 0.022 0.020 
98 c 74 f 199 5.4 34 0.433 0.433 0.770 0.400 0.250 0.250 0.018 0.022 0.020 
99 c 74 f 151 5.3 26.8 0.581 0.581 1.009 0.400 0.250 0.250 0.024 0.030 0.028 
100 c 74 f 115 5 22.6 0.465 0.465 0.822 0.400 0.250 0.250 0.019 0.024 0.022 
101 c 75 f 148 5.5 24.6 0.340 0.340 0.616 0.400 0.250 0.250 0.013 0.017 0.015 
102 c 75 f 148 5.5 24.6 0.546 0.546 0.954 0.400 0.250 0.250 0.023 0.028 0.026 
103 c 77 f 162 5 31.67 0.462 0.462 0.817 0.400 0.250 0.250 0.019 0.024 0.022 
104 c 77 f 108 5 21.1 0.319 0.319 0.582 0.400 0.250 0.250 0.013 0.016 0.014 
105 c 77 f 165 5.7 25.9 0.337 0.337 0.611 0.400 0.250 0.250 0.013 0.017 0.015 
106 c 77 f 162 5 31.67 0.529 0.529 0.926 0.400 0.250 0.250 0.022 0.027 0.025 
107 c 77 f 108 5 21.1 0.433 0.433 0.770 0.400 0.250 0.250 0.018 0.022 0.020 
108 c 77 f 165 5.7 25.9 0.408 0.408 0.728 0.400 0.250 0.250 0.016 0.020 0.019 
109 c 78 f 173 5.5 28.8 0.323 0.323 0.588 0.400 0.250 0.250 0.013 0.016 0.015 
110 c 78 f 147 5 28.7 0.471 0.471 0.832 0.400 0.250 0.250 0.019 0.024 0.022 
450 
 
111 c 78 f 127 5.3 22.7 0.269 0.269 0.497 0.400 0.250 0.250 0.010 0.013 0.012 
112 c 78 f 173 5.5 28.8 0.379 0.379 0.682 0.400 0.250 0.250 0.015 0.019 0.017 
113 c 78 f 147 5 28.7 0.519 0.519 0.909 0.400 0.250 0.250 0.022 0.027 0.025 
114 c 78 f 127 5.3 22.7 0.494 0.494 0.870 0.400 0.250 0.250 0.020 0.025 0.024 
115 c 79 f 245 5.4 42.1 0.288 0.288 0.529 0.400 0.250 0.250 0.011 0.014 0.013 
116 c 79 f 220 5.7 34.5 0.434 0.434 0.772 0.400 0.250 0.250 0.018 0.022 0.020 
117 c 79 f 245 5.4 42.1 0.350 0.350 0.632 0.400 0.250 0.250 0.014 0.017 0.016 
118 c 79 f 220 5.7 34.5 0.494 0.494 0.870 0.400 0.250 0.250 0.020 0.025 0.024 
119 c 80 f 179 5 35 0.286 0.286 0.526 0.400 0.250 0.250 0.011 0.014 0.013 
120 c 80 f 179 5 35 0.367 0.367 0.661 0.400 0.250 0.250 0.015 0.018 0.017 
121 b 82 f 125 5.7 19.7 0.413 0.413 0.737 0.400 0.250 0.250 0.017 0.021 0.019 
122 b 82 f 109 5.4 18.7 0.375 0.375 0.675 0.400 0.250 0.250 0.015 0.019 0.017 
123 b 82 f 125 5.7 19.7 0.666 0.666 1.145 0.400 0.250 0.250 0.029 0.036 0.033 
124 b 82 f 109 5.4 18.7 0.579 0.579 1.007 0.400 0.250 0.250 0.024 0.030 0.028 
125 c 82 f 232 5.3 41.2 0.420 0.420 0.749 0.400 0.250 0.250 0.017 0.021 0.020 
126 c 82 f 143 5.7 22.4 0.226 0.226 0.423 0.400 0.250 0.250 0.008 0.011 0.010 
127 c 82 f 232 5.3 41.2 0.464 0.464 0.821 0.400 0.250 0.250 0.019 0.024 0.022 
128 c 82 f 143 5.7 22.4 0.333 0.333 0.604 0.400 0.250 0.250 0.013 0.016 0.015 
129 b 83 f 186 5.6 30.2 0.395 0.395 0.707 0.400 0.250 0.250 0.016 0.020 0.018 
130 b 83 f 120 5.7 18.8 0.364 0.364 0.655 0.400 0.250 0.250 0.014 0.018 0.017 
131 b 83 f 186 5.6 30.2 0.603 0.603 1.045 0.400 0.250 0.250 0.026 0.032 0.029 
132 b 83 f 120 5.7 18.8 0.411 0.411 0.734 0.400 0.250 0.250 0.017 0.021 0.019 
133 c 83 f 140 5.2 25.6 0.375 0.375 0.674 0.400 0.250 0.250 0.015 0.019 0.017 
134 c 83 f 169 5.5 28.2 0.266 0.266 0.492 0.400 0.250 0.250 0.010 0.013 0.012 
135 c 83 f 140 5.2 25.6 0.453 0.453 0.803 0.400 0.250 0.250 0.019 0.023 0.021 
136 c 83 f 169 5.5 28.2 0.446 0.446 0.791 0.400 0.250 0.250 0.018 0.023 0.021 
137 b 84 f 123 5.1 23.2 0.251 0.251 0.466 0.400 0.250 0.250 0.010 0.012 0.011 
138 b 84 f 126 5.3 22.3 0.470 0.470 0.830 0.400 0.250 0.250 0.019 0.024 0.022 
139 b 84 f 123 5.1 23.2 0.435 0.435 0.773 0.400 0.250 0.250 0.018 0.022 0.020 
140 b 84 f 126 5.3 22.3 0.544 0.544 0.951 0.400 0.250 0.250 0.023 0.028 0.026 
141 c 85 f 108 5 21.1 0.280 0.280 0.515 0.400 0.250 0.250 0.011 0.013 0.012 
142 c 85 f 139 5.2 25.5 0.349 0.349 0.631 0.400 0.250 0.250 0.014 0.017 0.016 
143 c 85 f 74 5.1 14 0.228 0.228 0.427 0.400 0.250 0.250 0.009 0.011 0.010 
144 c 85 f 108 5 21.1 0.304 0.304 0.556 0.400 0.250 0.250 0.012 0.015 0.014 
145 c 85 f 139 5.2 25.5 0.404 0.404 0.723 0.400 0.250 0.250 0.016 0.020 0.019 
146 c 85 f 74 5.1 14 0.413 0.413 0.737 0.400 0.250 0.250 0.017 0.021 0.019 
147 c 86 f 123 5 24 2.096 2.096 3.292 0.400 0.250 0.250 0.104 0.129 0.119 
148 c 86 f 123 5 24 1.870 1.870 2.963 0.400 0.250 0.250 0.091 0.113 0.105 
451 
 
149 b 89 f 93 5.4 16 0.424 0.424 0.756 0.400 0.250 0.250 0.017 0.021 0.020 
150 b 89 f 93 5.4 16 0.490 0.490 0.863 0.400 0.250 0.250 0.020 0.025 0.023 
151 c 89 f 158 5.3 28.1 0.340 0.340 0.616 0.400 0.250 0.250 0.013 0.017 0.015 
152 c 89 f 88 4.1 18.4 0.305 0.305 0.558 0.400 0.250 0.250 0.012 0.015 0.014 
153 c 89 f 110 5.2 20.1 0.274 0.274 0.506 0.400 0.250 0.250 0.011 0.013 0.012 
154 c 89 f 115 5.3 20.5 0.269 0.269 0.496 0.400 0.250 0.250 0.010 0.013 0.012 
155 c 89 f 158 5.3 28.1 0.422 0.422 0.752 0.400 0.250 0.250 0.017 0.021 0.020 
156 c 89 f 88 4.1 18.4 0.422 0.422 0.752 0.400 0.250 0.250 0.017 0.021 0.020 
157 c 89 f 110 5.2 20.1 0.297 0.297 0.543 0.400 0.250 0.250 0.012 0.014 0.013 
158 c 89 f 115 5.3 20.5 0.431 0.431 0.766 0.400 0.250 0.250 0.017 0.022 0.020 
159 c 90 f 156 5.4 26.8 0.243 0.243 0.452 0.400 0.250 0.250 0.009 0.011 0.011 
160 c 90 f 130 5.6 21 0.229 0.229 0.428 0.400 0.250 0.250 0.009 0.011 0.010 
161 c 90 f 156 5.4 26.8 0.382 0.382 0.687 0.400 0.250 0.250 0.015 0.019 0.018 
162 c 90 f 130 5.6 21 0.391 0.391 0.700 0.400 0.250 0.250 0.016 0.020 0.018 
163 c 91 f 152 5.7 23.8 0.231 0.231 0.432 0.400 0.250 0.250 0.009 0.011 0.010 
164 c 91 f 152 5.7 23.8 0.284 0.284 0.522 0.400 0.250 0.250 0.011 0.014 0.013 
165 c 95 f 94 5.2 17.3 0.180 0.180 0.342 0.400 0.250 0.250 0.007 0.008 0.008 
166 c 95 f 115 5.3 20.4 0.183 0.183 0.348 0.400 0.250 0.250 0.007 0.008 0.008 
167 c 95 f 94 5.2 17.3 0.246 0.246 0.457 0.400 0.250 0.250 0.009 0.012 0.011 
168 c 95 f 115 5.3 20.4 0.233 0.233 0.436 0.400 0.250 0.250 0.009 0.011 0.010 
3 c 65 m 164 5.10. 23.9 1.073 1.073 1.776 0.400 0.250 0.250 0.049 0.061 0.056 
4 c 65 m 164 5.10. 23.9 1.356 1.356 2.203 0.400 0.250 0.250 0.063 0.079 0.073 
169 c 26 m 150 5.11 21 1.371 1.371 2.226 0.400 0.250 0.250 0.064 0.080 0.074 
170 c 26 m 150 5.11 21 1.728 1.728 2.755 0.400 0.250 0.250 0.083 0.104 0.096 
171 b 34 m 173 5.7 27.1 1.842 1.842 2.923 0.400 0.250 0.250 0.090 0.111 0.103 
172 b 34 m 173 5.7 27.1 1.877 1.877 2.974 0.400 0.250 0.250 0.091 0.114 0.105 
173 b 45 m 345 6.2 44.3 1.694 1.694 2.705 0.400 0.250 0.250 0.081 0.101 0.094 
174 b 45 m 345 6.2 44.3 1.668 1.668 2.667 0.400 0.250 0.250 0.080 0.100 0.092 
175 c 45 m 191 5.9 28.3 1.253 1.253 2.049 0.400 0.250 0.250 0.058 0.072 0.067 
176 c 45 m 191 5.9 28.3 1.494 1.494 2.410 0.400 0.250 0.250 0.071 0.088 0.082 
177 c 46 m 192 5.7 30.1 1.150 1.150 1.893 0.400 0.250 0.250 0.053 0.066 0.061 
178 c 46 m 192 5.7 30.1 1.274 1.274 2.080 0.400 0.250 0.250 0.059 0.074 0.068 
179 b 48 m 443 6.6 51 1.987 1.987 3.133 0.400 0.250 0.250 0.097 0.121 0.112 
180 b 48 m 443 6.6 51 1.650 1.650 2.640 0.400 0.250 0.250 0.079 0.098 0.091 
181 c 50 m 338 6.2 43.4 1.199 1.199 1.968 0.400 0.250 0.250 0.055 0.069 0.064 
182 c 50 m 338 6.2 43.4 1.284 1.284 2.097 0.400 0.250 0.250 0.060 0.074 0.069 
183 c 51 m 295 6.4 35.9 1.133 1.133 1.868 0.400 0.250 0.250 0.052 0.065 0.060 
184 c 51 m 200 6.2 25.7 1.188 1.188 1.951 0.400 0.250 0.250 0.055 0.068 0.063 
452 
 
185 c 51 m 167 5.4 28.8 1.272 1.272 2.078 0.400 0.250 0.250 0.059 0.074 0.068 
186 c 51 m 295 6.4 35.9 1.418 1.418 2.297 0.400 0.250 0.250 0.067 0.083 0.077 
187 c 51 m 200 6.2 25.7 1.418 1.418 2.297 0.400 0.250 0.250 0.067 0.083 0.077 
188 c 51 m 167 5.4 28.8 1.284 1.284 2.097 0.400 0.250 0.250 0.060 0.074 0.069 
189 c 52 m 178 6 24.5 1.237 1.237 2.024 0.400 0.250 0.250 0.057 0.071 0.066 
190 c 52 m 178 6 24.5 1.400 1.400 2.269 0.400 0.250 0.250 0.066 0.082 0.076 
191 b 53 m 195 4 59.5 1.643 1.643 2.631 0.400 0.250 0.250 0.079 0.098 0.091 
192 b 53 m 195 4 59.5 1.814 1.814 2.881 0.400 0.250 0.250 0.088 0.110 0.101 
193 c 53 m 181 5.11 25.2 1.228 1.228 2.011 0.400 0.250 0.250 0.057 0.071 0.065 
194 c 53 m 171 5.7 26.9 1.283 1.283 2.094 0.400 0.250 0.250 0.060 0.074 0.069 
195 c 53 m 181 5.11 25.2 1.245 1.245 2.037 0.400 0.250 0.250 0.058 0.072 0.066 
196 c 53 m 171 5.7 26.9 1.219 1.219 1.998 0.400 0.250 0.250 0.056 0.070 0.065 
197 c 54 m 208 5.10. 29.9 1.153 1.153 1.898 0.400 0.250 0.250 0.053 0.066 0.061 
198 c 54 m 220 6.2 28.3 1.166 1.166 1.917 0.400 0.250 0.250 0.054 0.067 0.062 
199 c 54 m 181 5.9 26.8 1.191 1.191 1.955 0.400 0.250 0.250 0.055 0.068 0.063 
200 c 54 m 208 5.10. 29.9 1.255 1.255 2.052 0.400 0.250 0.250 0.058 0.072 0.067 
201 c 54 m 220 6.2 28.3 1.479 1.479 2.388 0.400 0.250 0.250 0.070 0.087 0.081 
202 c 54 m 181 5.9 26.8 1.270 1.270 2.074 0.400 0.250 0.250 0.059 0.073 0.068 
203 b 55 m 177 6 24.1 1.104 1.104 1.823 0.400 0.250 0.250 0.050 0.063 0.058 
204 b 55 m 189 5.6 30.6 1.653 1.653 2.646 0.400 0.250 0.250 0.079 0.099 0.091 
205 b 55 m 177 6 24.1 1.438 1.438 2.326 0.400 0.250 0.250 0.068 0.084 0.078 
206 b 55 m 189 5.6 30.6 1.787 1.787 2.842 0.400 0.250 0.250 0.087 0.108 0.100 
207 c 55 m 209 5.8 31.8 1.212 1.212 1.988 0.400 0.250 0.250 0.056 0.070 0.064 
208 c 55 m 209 5.8 31.8 1.383 1.383 2.244 0.400 0.250 0.250 0.065 0.081 0.075 
209 b 57 m 170 5.8 25.9 1.523 1.523 2.452 0.400 0.250 0.250 0.072 0.090 0.083 
210 b 57 m 170 5.8 25.9 1.456 1.456 2.353 0.400 0.250 0.250 0.069 0.086 0.079 
211 c 57 m 158 5.8 24 1.623 1.623 2.601 0.400 0.250 0.250 0.078 0.097 0.090 
212 c 57 m 198 5.5 33 1.047 1.047 1.736 0.400 0.250 0.250 0.047 0.059 0.055 
213 c 57 m 243 6 33 1.186 1.186 1.947 0.400 0.250 0.250 0.055 0.068 0.063 
214 c 57 m 158 5.8 24 1.518 1.518 2.445 0.400 0.250 0.250 0.072 0.090 0.083 
215 c 57 m 198 5.5 33 1.376 1.376 2.234 0.400 0.250 0.250 0.065 0.080 0.074 
216 c 57 m 243 6 33 1.450 1.450 2.344 0.400 0.250 0.250 0.068 0.085 0.079 
217 c 58 m 205 6 24.8 1.189 1.189 1.953 0.400 0.250 0.250 0.055 0.068 0.063 
218 c 58 m 190 5.6 30.7 1.175 1.175 1.931 0.400 0.250 0.250 0.054 0.067 0.062 
219 c 58 m 205 6 24.8 1.474 1.474 2.380 0.400 0.250 0.250 0.070 0.087 0.080 
220 c 58 m 190 5.6 30.7 1.241 1.241 2.030 0.400 0.250 0.250 0.057 0.072 0.066 
221 c 59 m 178 5.10. 25.6 1.175 1.175 1.931 0.400 0.250 0.250 0.054 0.067 0.062 
222 c 59 m 200 5.10. 28.7 1.004 1.004 1.671 0.400 0.250 0.250 0.045 0.056 0.052 
453 
 
223 c 59 m 143 5.9 21.2 1.346 1.346 2.189 0.400 0.250 0.250 0.063 0.078 0.073 
224 c 59 m 178 5.10. 25.6 1.409 1.409 2.283 0.400 0.250 0.250 0.066 0.083 0.076 
225 c 59 m 200 5.10. 28.7 1.356 1.356 2.203 0.400 0.250 0.250 0.063 0.079 0.073 
226 c 59 m 143 5.9 21.2 1.436 1.436 2.324 0.400 0.250 0.250 0.068 0.084 0.078 
227 b 60 m 270 6 36.6 1.464 1.464 2.365 0.400 0.250 0.250 0.069 0.086 0.080 
228 b 60 m 270 6 36.6 1.479 1.479 2.387 0.400 0.250 0.250 0.070 0.087 0.081 
229 c 60 m 204 5.5 34 1.095 1.095 1.810 0.400 0.250 0.250 0.050 0.062 0.058 
230 c 60 m 150 5.8 22.9 1.073 1.073 1.777 0.400 0.250 0.250 0.049 0.061 0.056 
231 c 60 m 166 6 22.3 1.157 1.157 1.904 0.400 0.250 0.250 0.053 0.066 0.061 
232 c 60 m 204 5.5 34 1.165 1.165 1.917 0.400 0.250 0.250 0.054 0.067 0.062 
233 c 60 m 150 5.8 22.9 1.382 1.382 2.243 0.400 0.250 0.250 0.065 0.081 0.075 
234 c 60 m 166 6 22.3 1.437 1.437 2.324 0.400 0.250 0.250 0.068 0.084 0.078 
235 c 61 m 169 5.8 25.7 1.129 1.129 1.861 0.400 0.250 0.250 0.052 0.064 0.060 
236 c 61 m 190 5.6 30.7 1.118 1.118 1.844 0.400 0.250 0.250 0.051 0.064 0.059 
237 c 61 m 253 5.11 35.3 1.004 1.004 1.670 0.400 0.250 0.250 0.045 0.056 0.052 
238 c 61 m 255 6 34.6 1.091 1.091 1.804 0.400 0.250 0.250 0.050 0.062 0.057 
239 c 61 m 187 5.10. 26.8 1.043 1.043 1.731 0.400 0.250 0.250 0.047 0.059 0.054 
240 c 61 m 150 5.8 22.8 1.060 1.060 1.757 0.400 0.250 0.250 0.048 0.060 0.055 
241 c 61 m 169 5.8 25.7 1.190 1.190 1.954 0.400 0.250 0.250 0.055 0.068 0.063 
242 c 61 m 190 5.6 30.7 1.343 1.343 2.184 0.400 0.250 0.250 0.063 0.078 0.072 
243 c 61 m 253 5.11 35.3 1.124 1.124 1.854 0.400 0.250 0.250 0.051 0.064 0.059 
244 c 61 m 255 6 34.6 1.423 1.423 2.304 0.400 0.250 0.250 0.067 0.083 0.077 
245 c 61 m 187 5.10. 26.8 1.169 1.169 1.923 0.400 0.250 0.250 0.054 0.067 0.062 
246 c 61 m 150 5.8 22.8 1.171 1.171 1.925 0.400 0.250 0.250 0.054 0.067 0.062 
247 c 62 m 239 5.10. 34.3 1.111 1.111 1.834 0.400 0.250 0.250 0.051 0.063 0.058 
248 c 62 m 329 6.4 40.1 1.063 1.063 1.761 0.400 0.250 0.250 0.048 0.060 0.056 
249 c 62 m 194 5.10. 27.8 1.061 1.061 1.758 0.400 0.250 0.250 0.048 0.060 0.056 
250 c 62 m 224 6 30.5 1.100 1.100 1.817 0.400 0.250 0.250 0.050 0.062 0.058 
251 c 62 m 319 6.4 38.8 1.073 1.073 1.777 0.400 0.250 0.250 0.049 0.061 0.056 
252 c 62 m 239 5.10. 34.3 1.222 1.222 2.003 0.400 0.250 0.250 0.056 0.070 0.065 
253 c 62 m 329 6.4 40.1 1.325 1.325 2.158 0.400 0.250 0.250 0.062 0.077 0.071 
254 c 62 m 194 5.10. 27.8 1.351 1.351 2.197 0.400 0.250 0.250 0.063 0.079 0.073 
255 c 62 m 224 6 30.5 1.400 1.400 2.270 0.400 0.250 0.250 0.066 0.082 0.076 
256 c 62 m 319 6.4 38.8 1.192 1.192 1.956 0.400 0.250 0.250 0.055 0.068 0.063 
257 b 63 m 243 6.2 31.3 1.305 1.305 2.127 0.400 0.250 0.250 0.061 0.076 0.070 
258 b 63 m 243 6.2 31.3 1.565 1.565 2.515 0.400 0.250 0.250 0.075 0.093 0.086 
259 c 63 m 354 6.4 43.1 1.056 1.056 1.751 0.400 0.250 0.250 0.048 0.060 0.055 
260 c 63 m 210 5.8 31.9 1.082 1.082 1.789 0.400 0.250 0.250 0.049 0.061 0.057 
454 
 
261 c 63 m 174 5.5 29 1.245 1.245 2.036 0.400 0.250 0.250 0.058 0.072 0.066 
262 c 63 m 244 6.1 32.2 1.067 1.067 1.768 0.400 0.250 0.250 0.049 0.060 0.056 
263 c 63 m 354 6.4 43.1 1.378 1.378 2.236 0.400 0.250 0.250 0.065 0.080 0.074 
264 c 63 m 210 5.8 31.9 1.128 1.128 1.861 0.400 0.250 0.250 0.052 0.064 0.059 
265 c 63 m 174 5.5 29 1.404 1.404 2.276 0.400 0.250 0.250 0.066 0.082 0.076 
266 c 63 m 244 6.1 32.2 1.377 1.377 2.236 0.400 0.250 0.250 0.065 0.080 0.074 
267 b 64 m 139 5.7 21.9 1.397 1.397 2.265 0.400 0.250 0.250 0.066 0.082 0.076 
268 b 64 m 139 5.7 21.9 1.406 1.406 2.278 0.400 0.250 0.250 0.066 0.082 0.076 
269 c 64 m 179 5.9 26.4 1.136 1.136 1.873 0.400 0.250 0.250 0.052 0.065 0.060 
270 c 64 m 200 5.5 33.4 1.288 1.288 2.101 0.400 0.250 0.250 0.060 0.075 0.069 
271 c 64 m 145 5.6 23.4 1.137 1.137 1.873 0.400 0.250 0.250 0.052 0.065 0.060 
272 c 64 m 179 5.9 26.4 1.189 1.189 1.953 0.400 0.250 0.250 0.055 0.068 0.063 
273 c 64 m 200 5.5 33.4 1.355 1.355 2.203 0.400 0.250 0.250 0.063 0.079 0.073 
274 c 64 m 145 5.6 23.4 1.150 1.150 1.894 0.400 0.250 0.250 0.053 0.066 0.061 
275 b 65 m 144 5.9 21.3 1.275 1.275 2.083 0.400 0.250 0.250 0.059 0.074 0.068 
276 b 65 m 207 5.9 30.7 1.158 1.158 1.906 0.400 0.250 0.250 0.053 0.066 0.061 
277 b 65 m 144 5.9 21.3 1.528 1.528 2.460 0.400 0.250 0.250 0.073 0.090 0.084 
278 b 65 m 207 5.9 30.7 1.341 1.341 2.182 0.400 0.250 0.250 0.063 0.078 0.072 
279 c 65 m 161 5.10. 23.1 1.072 1.072 1.775 0.400 0.250 0.250 0.049 0.061 0.056 
280 c 65 m 205 6.1 27.1 1.106 1.106 1.826 0.400 0.250 0.250 0.050 0.063 0.058 
281 c 65 m 143 5.6 23.1 1.235 1.235 2.022 0.400 0.250 0.250 0.057 0.071 0.066 
282 c 65 m 247 5.9 36.5 1.233 1.233 2.019 0.400 0.250 0.250 0.057 0.071 0.066 
283 c 65 m 161 5.10. 23.1 1.104 1.104 1.824 0.400 0.250 0.250 0.050 0.063 0.058 
284 c 65 m 205 6.1 27.1 1.377 1.377 2.236 0.400 0.250 0.250 0.065 0.080 0.074 
285 c 65 m 143 5.6 23.1 1.150 1.150 1.894 0.400 0.250 0.250 0.053 0.066 0.061 
286 c 65 m 247 5.9 36.5 1.148 1.148 1.891 0.400 0.250 0.250 0.053 0.066 0.061 
287 b 66 m 199 5.8 30.3 1.280 1.280 2.090 0.400 0.250 0.250 0.059 0.074 0.069 
288 b 66 m 199 5.8 30.3 1.366 1.366 2.219 0.400 0.250 0.250 0.064 0.080 0.074 
289 c 66 m 181 5.6 30.3 0.990 0.990 1.650 0.400 0.250 0.250 0.045 0.056 0.051 
290 c 66 m 214 6.2 27.5 1.105 1.105 1.825 0.400 0.250 0.250 0.050 0.063 0.058 
291 c 66 m 181 5.6 30.3 1.132 1.132 1.866 0.400 0.250 0.250 0.052 0.064 0.060 
292 c 66 m 214 6.2 27.5 1.308 1.308 2.132 0.400 0.250 0.250 0.061 0.076 0.070 
293 b 67 m 123 5.9 18.2 1.497 1.497 2.413 0.400 0.250 0.250 0.071 0.088 0.082 
294 b 67 m 123 5.9 18.2 1.369 1.369 2.224 0.400 0.250 0.250 0.064 0.080 0.074 
295 c 67 m 283 6 38.9 1.004 1.004 1.670 0.400 0.250 0.250 0.045 0.056 0.052 
296 c 67 m 224 6.3 28 1.044 1.044 1.732 0.400 0.250 0.250 0.047 0.059 0.054 
297 c 67 m 118 6.1 15.6 1.298 1.298 2.117 0.400 0.250 0.250 0.060 0.075 0.070 
298 c 67 m 234 5.11 33.1 1.248 1.248 2.042 0.400 0.250 0.250 0.058 0.072 0.067 
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299 c 67 m 158 5.8 24.1 1.043 1.043 1.731 0.400 0.250 0.250 0.047 0.059 0.054 
300 c 67 m 182 5.10. 26.1 1.148 1.148 1.890 0.400 0.250 0.250 0.053 0.066 0.061 
301 c 67 m 283 6 38.9 1.084 1.084 1.794 0.400 0.250 0.250 0.049 0.061 0.057 
302 c 67 m 224 6.3 28 1.382 1.382 2.242 0.400 0.250 0.250 0.065 0.081 0.075 
303 c 67 m 118 6.1 15.6 1.198 1.198 1.966 0.400 0.250 0.250 0.055 0.069 0.064 
304 c 67 m 234 5.11 33.1 1.341 1.341 2.181 0.400 0.250 0.250 0.063 0.078 0.072 
305 c 67 m 158 5.8 24.1 1.152 1.152 1.896 0.400 0.250 0.250 0.053 0.066 0.061 
306 c 67 m 182 5.10. 26.1 1.131 1.131 1.864 0.400 0.250 0.250 0.052 0.064 0.060 
307 m 67 m 197 5.9 29.1 1.183 1.183 1.943 0.400 0.250 0.250 0.054 0.068 0.063 
308 m 67 m 197 5.9 29.1 1.233 1.233 2.019 0.400 0.250 0.250 0.057 0.071 0.066 
309 b 68 m 270 5.7 42.3 1.290 1.290 2.105 0.400 0.250 0.250 0.060 0.075 0.069 
310 b 68 m 270 5.7 42.3 1.554 1.554 2.499 0.400 0.250 0.250 0.074 0.092 0.085 
311 c 68 m 180 6.1 23.9 0.986 0.986 1.644 0.400 0.250 0.250 0.044 0.055 0.051 
312 c 68 m 208 5.7 32.6 0.897 0.897 1.505 0.400 0.250 0.250 0.040 0.050 0.046 
313 c 68 m 335 5.11 46.8 0.939 0.939 1.571 0.400 0.250 0.250 0.042 0.052 0.048 
314 c 68 m 133 5.3 23.6 1.080 1.080 1.788 0.400 0.250 0.250 0.049 0.061 0.057 
315 c 68 m 166 5.7 26 1.163 1.163 1.913 0.400 0.250 0.250 0.053 0.067 0.062 
316 c 68 m 196 5.7 30.8 1.052 1.052 1.745 0.400 0.250 0.250 0.048 0.059 0.055 
317 c 68 m 244 5.11 34.1 1.195 1.195 1.961 0.400 0.250 0.250 0.055 0.069 0.063 
318 c 68 m 180 6.1 23.9 1.096 1.096 1.812 0.400 0.250 0.250 0.050 0.062 0.058 
319 c 68 m 208 5.7 32.6 1.051 1.051 1.742 0.400 0.250 0.250 0.048 0.059 0.055 
320 c 68 m 335 5.11 46.8 1.217 1.217 1.994 0.400 0.250 0.250 0.056 0.070 0.065 
321 c 68 m 133 5.3 23.6 1.359 1.359 2.208 0.400 0.250 0.250 0.064 0.079 0.073 
322 c 68 m 166 5.7 26 1.131 1.131 1.865 0.400 0.250 0.250 0.052 0.064 0.060 
323 c 68 m 196 5.7 30.8 1.333 1.333 2.169 0.400 0.250 0.250 0.062 0.078 0.072 
324 c 68 m 244 5.11 34.1 1.296 1.296 2.114 0.400 0.250 0.250 0.060 0.075 0.069 
325 b 69 m 297 6.5 35.3 1.459 1.459 2.358 0.400 0.250 0.250 0.069 0.086 0.079 
326 b 69 m 297 6.5 35.3 1.521 1.521 2.449 0.400 0.250 0.250 0.072 0.090 0.083 
327 c 69 m 195 4 59.6 1.079 1.079 1.785 0.400 0.250 0.250 0.049 0.061 0.057 
328 c 69 m 175 5.11 24.5 1.085 1.085 1.794 0.400 0.250 0.250 0.049 0.061 0.057 
329 c 69 m 265 6.1 35 1.032 1.032 1.713 0.400 0.250 0.250 0.047 0.058 0.054 
330 c 69 m 177 5.10. 25.5 1.031 1.031 1.713 0.400 0.250 0.250 0.047 0.058 0.054 
331 c 69 m 195 5.9 28.8 1.238 1.238 2.026 0.400 0.250 0.250 0.057 0.071 0.066 
332 c 69 m 192 5.1 26.8 1.031 1.031 1.712 0.400 0.250 0.250 0.047 0.058 0.054 
333 c 69 m 195 4 59.6 1.068 1.068 1.769 0.400 0.250 0.250 0.049 0.060 0.056 
334 c 69 m 175 5.11 24.5 1.051 1.051 1.742 0.400 0.250 0.250 0.048 0.059 0.055 
335 c 69 m 265 6.1 35 1.271 1.271 2.076 0.400 0.250 0.250 0.059 0.073 0.068 
336 c 69 m 177 5.10. 25.5 1.320 1.320 2.151 0.400 0.250 0.250 0.062 0.077 0.071 
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337 c 69 m 195 5.9 28.8 1.168 1.168 1.920 0.400 0.250 0.250 0.054 0.067 0.062 
338 c 69 m 192 5.1 26.8 1.136 1.136 1.872 0.400 0.250 0.250 0.052 0.065 0.060 
339 b 70 m 190 6.1 25.1 1.160 1.160 1.909 0.400 0.250 0.250 0.053 0.066 0.061 
340 b 70 m 190 6.1 25.1 1.278 1.278 2.086 0.400 0.250 0.250 0.059 0.074 0.068 
341 c 71 m 203 5.8 31.4 1.103 1.103 1.822 0.400 0.250 0.250 0.050 0.063 0.058 
342 c 71 m 218 5.9 32.2 1.213 1.213 1.989 0.400 0.250 0.250 0.056 0.070 0.065 
343 c 71 m 262 6.8 28.8 0.938 0.938 1.569 0.400 0.250 0.250 0.042 0.052 0.048 
344 c 71 m 208 5.11 29.1 0.985 0.985 1.642 0.400 0.250 0.250 0.044 0.055 0.051 
345 c 71 m 267 5.11 37.2 1.176 1.176 1.933 0.400 0.250 0.250 0.054 0.067 0.062 
346 c 71 m 203 5.8 31.4 1.046 1.046 1.734 0.400 0.250 0.250 0.047 0.059 0.055 
347 c 71 m 218 5.9 32.2 1.102 1.102 1.821 0.400 0.250 0.250 0.050 0.063 0.058 
348 c 71 m 262 6.8 28.8 1.263 1.263 2.064 0.400 0.250 0.250 0.059 0.073 0.068 
349 c 71 m 208 5.11 29.1 1.293 1.293 2.110 0.400 0.250 0.250 0.060 0.075 0.069 
350 c 71 m 267 5.11 37.2 1.069 1.069 1.770 0.400 0.250 0.250 0.049 0.061 0.056 
351 c 72 m 239 5.10. 34.4 0.902 0.902 1.514 0.400 0.250 0.250 0.040 0.050 0.046 
352 c 72 m 238 6 32.4 1.086 1.086 1.796 0.400 0.250 0.250 0.049 0.062 0.057 
353 c 72 m 178 5.7 28 1.017 1.017 1.690 0.400 0.250 0.250 0.046 0.057 0.053 
354 c 72 m 239 5.10. 34.4 1.012 1.012 1.683 0.400 0.250 0.250 0.046 0.057 0.053 
355 c 72 m 238 6 32.4 1.289 1.289 2.104 0.400 0.250 0.250 0.060 0.075 0.069 
356 c 72 m 178 5.7 28 1.071 1.071 1.774 0.400 0.250 0.250 0.049 0.061 0.056 
357 b 73 m 216 6.3 27 1.134 1.134 1.869 0.400 0.250 0.250 0.052 0.065 0.060 
358 b 73 m 216 6.3 27 1.245 1.245 2.038 0.400 0.250 0.250 0.058 0.072 0.066 
359 c 73 m 152 5.9 22.6 0.922 0.922 1.545 0.400 0.250 0.250 0.041 0.051 0.047 
360 c 73 m 190 5.7 29.9 0.850 0.850 1.433 0.400 0.250 0.250 0.038 0.047 0.043 
361 c 73 m 218 5.7 34.1 0.873 0.873 1.469 0.400 0.250 0.250 0.039 0.048 0.045 
362 c 73 m 228 6 30.9 0.889 0.889 1.493 0.400 0.250 0.250 0.039 0.049 0.045 
363 c 73 m 229 5.11 31.9 0.975 0.975 1.627 0.400 0.250 0.250 0.044 0.055 0.051 
364 c 73 m 180 5.9 26.6 0.936 0.936 1.566 0.400 0.250 0.250 0.042 0.052 0.048 
365 c 73 m 201 5.10. 29.3 1.023 1.023 1.699 0.400 0.250 0.250 0.046 0.058 0.053 
366 c 73 m 152 5.9 22.6 1.228 1.228 2.011 0.400 0.250 0.250 0.057 0.071 0.065 
367 c 73 m 190 5.7 29.9 0.990 0.990 1.650 0.400 0.250 0.250 0.045 0.056 0.051 
368 c 73 m 218 5.7 34.1 0.990 0.990 1.650 0.400 0.250 0.250 0.045 0.056 0.051 
369 c 73 m 228 6 30.9 0.990 0.990 1.650 0.400 0.250 0.250 0.045 0.056 0.051 
370 c 73 m 229 5.11 31.9 1.252 1.252 2.047 0.400 0.250 0.250 0.058 0.072 0.067 
371 c 73 m 180 5.9 26.6 1.039 1.039 1.724 0.400 0.250 0.250 0.047 0.059 0.054 
372 c 73 m 201 5.10. 29.3 1.067 1.067 1.767 0.400 0.250 0.250 0.048 0.060 0.056 
373 c 74 m 194 5.8 29.5 1.048 1.048 1.739 0.400 0.250 0.250 0.048 0.059 0.055 
374 c 74 m 196 5.6 31.6 0.862 0.862 1.451 0.400 0.250 0.250 0.038 0.047 0.044 
457 
 
375 c 74 m 267 5.11 37.4 0.915 0.915 1.534 0.400 0.250 0.250 0.041 0.051 0.047 
376 c 74 m 194 5.8 29.5 1.153 1.153 1.897 0.400 0.250 0.250 0.053 0.066 0.061 
377 c 74 m 196 5.6 31.6 0.985 0.985 1.642 0.400 0.250 0.250 0.044 0.055 0.051 
378 c 74 m 267 5.11 37.4 1.006 1.006 1.674 0.400 0.250 0.250 0.045 0.057 0.052 
379 c 75 m 190 5.10. 27.3 1.130 1.130 1.864 0.400 0.250 0.250 0.052 0.064 0.060 
380 c 75 m 191 5.8 29.1 1.107 1.107 1.828 0.400 0.250 0.250 0.051 0.063 0.058 
381 c 75 m 190 5.10. 27.3 1.222 1.222 2.002 0.400 0.250 0.250 0.056 0.070 0.065 
382 c 75 m 191 5.8 29.1 0.994 0.994 1.656 0.400 0.250 0.250 0.045 0.056 0.052 
383 c 76 m 140 5.2 25.6 0.954 0.954 1.594 0.400 0.250 0.250 0.043 0.053 0.049 
384 c 76 m 109 5.8 16.6 0.966 0.966 1.612 0.400 0.250 0.250 0.043 0.054 0.050 
385 c 76 m 140 5.2 25.6 0.984 0.984 1.640 0.400 0.250 0.250 0.044 0.055 0.051 
386 c 76 m 109 5.8 16.6 0.996 0.996 1.658 0.400 0.250 0.250 0.045 0.056 0.052 
387 b 77 m 190 6.2 24.4 1.145 1.145 1.885 0.400 0.250 0.250 0.052 0.065 0.060 
388 b 77 m 190 6.2 24.4 1.175 1.175 1.932 0.400 0.250 0.250 0.054 0.067 0.062 
389 c 77 m 183 5.10. 26.3 0.920 0.920 1.541 0.400 0.250 0.250 0.041 0.051 0.047 
390 c 77 m 199 5.11 27.8 0.785 0.785 1.331 0.400 0.250 0.250 0.034 0.043 0.040 
391 c 77 m 175 5.7 27.4 0.763 0.763 1.298 0.400 0.250 0.250 0.033 0.041 0.038 
392 c 77 m 191 5.6 30.8 0.939 0.939 1.570 0.400 0.250 0.250 0.042 0.052 0.048 
393 c 77 m 164 5.6 22.6 0.903 0.903 1.515 0.400 0.250 0.250 0.040 0.050 0.046 
394 c 77 m 183 5.10. 26.3 1.151 1.151 1.896 0.400 0.250 0.250 0.053 0.066 0.061 
395 c 77 m 199 5.11 27.8 1.101 1.101 1.819 0.400 0.250 0.250 0.050 0.063 0.058 
396 c 77 m 175 5.7 27.4 1.055 1.055 1.749 0.400 0.250 0.250 0.048 0.060 0.055 
397 c 77 m 191 5.6 30.8 0.922 0.922 1.545 0.400 0.250 0.250 0.041 0.051 0.047 
398 c 77 m 164 5.6 22.6 0.942 0.942 1.576 0.400 0.250 0.250 0.042 0.053 0.049 
399 c 78 m 118 5.5 19.6 0.823 0.823 1.391 0.400 0.250 0.250 0.036 0.045 0.042 
400 c 78 m 118 5.5 19.6 1.058 1.058 1.754 0.400 0.250 0.250 0.048 0.060 0.055 
401 c 79 m 218 6.1 28.8 0.844 0.844 1.423 0.400 0.250 0.250 0.037 0.046 0.043 
402 c 79 m 218 6.1 28.8 1.058 1.058 1.754 0.400 0.250 0.250 0.048 0.060 0.055 
403 c 80 m 208 5.10. 29.9 0.769 0.769 1.306 0.400 0.250 0.250 0.034 0.042 0.039 
404 c 80 m 208 5.10. 29.9 1.035 1.035 1.718 0.400 0.250 0.250 0.047 0.058 0.054 
405 c 81 m 166 6 22.5 0.759 0.759 1.292 0.400 0.250 0.250 0.033 0.041 0.038 
406 c 81 m 225 6 30.5 0.899 0.899 1.509 0.400 0.250 0.250 0.040 0.050 0.046 
407 c 81 m 201 5.6 32.6 0.774 0.774 1.315 0.400 0.250 0.250 0.034 0.042 0.039 
408 c 81 m 166 6 22.5 0.837 0.837 1.413 0.400 0.250 0.250 0.037 0.046 0.043 
409 c 81 m 225 6 30.5 0.813 0.813 1.376 0.400 0.250 0.250 0.036 0.044 0.041 
410 c 81 m 201 5.6 32.6 1.028 1.028 1.708 0.400 0.250 0.250 0.047 0.058 0.054 
411 ai 82 m 153 5.6 25.1 0.572 0.572 0.995 0.400 0.250 0.250 0.024 0.030 0.028 
412 ai 82 m 153 5.6 25.1 0.659 0.659 1.134 0.400 0.250 0.250 0.028 0.035 0.033 
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413 c 82 m 205 5.6 33.1 0.725 0.725 1.238 0.400 0.250 0.250 0.031 0.039 0.036 
414 c 82 m 160 5.10. 23.1 0.844 0.844 1.424 0.400 0.250 0.250 0.037 0.046 0.043 
415 c 82 m 205 5.6 33.1 0.831 0.831 1.404 0.400 0.250 0.250 0.037 0.046 0.042 
416 c 82 m 160 5.10. 23.1 0.970 0.970 1.618 0.400 0.250 0.250 0.044 0.054 0.050 
417 c 84 m 233 5.6 37.6 0.899 0.899 1.510 0.400 0.250 0.250 0.040 0.050 0.046 
418 c 84 m 195 5.7 30.6 0.841 0.841 1.418 0.400 0.250 0.250 0.037 0.046 0.043 
419 c 84 m 188 5.7 29.6 0.706 0.706 1.208 0.400 0.250 0.250 0.030 0.038 0.035 
420 c 84 m 233 5.6 37.6 0.785 0.785 1.332 0.400 0.250 0.250 0.034 0.043 0.040 
421 c 84 m 195 5.7 30.6 0.751 0.751 1.279 0.400 0.250 0.250 0.033 0.041 0.038 
422 c 84 m 188 5.7 29.6 0.802 0.802 1.359 0.400 0.250 0.250 0.035 0.044 0.041 
423 b 87 m 149 6.1 19.7 1.060 1.060 1.757 0.400 0.250 0.250 0.048 0.060 0.055 
424 b 87 m 149 6.1 19.7 1.208 1.208 1.981 0.400 0.250 0.250 0.056 0.069 0.064 
425 c 87 m 149 5.10. 21.4 0.702 0.702 1.202 0.400 0.250 0.250 0.030 0.038 0.035 
426 c 87 m 149 5.10. 21.4 0.827 0.827 1.397 0.400 0.250 0.250 0.036 0.045 0.042 
427 c 88 m 164 5.3 29.1 0.833 0.833 1.406 0.400 0.250 0.250 0.037 0.046 0.042 
428 c 88 m 164 5.3 29.1 1.044 1.044 1.731 0.400 0.250 0.250 0.047 0.059 0.054 
429 b 89 m 112 5.11 15.8 1.112 1.112 1.836 0.400 0.250 0.250 0.051 0.063 0.059 
430 b 89 m 112 5.11 15.8 1.198 1.198 1.966 0.400 0.250 0.250 0.055 0.069 0.064 
431 c 89 m 209 5.8 32.4 0.713 0.713 1.218 0.400 0.250 0.250 0.031 0.038 0.035 
432 c 89 m 209 5.8 32.4 0.983 0.983 1.638 0.400 0.250 0.250 0.044 0.055 0.051 
433 c 90 m 123 5.6 19.9 0.827 0.827 1.398 0.400 0.250 0.250 0.036 0.045 0.042 
434 c 90 m 123 5.6 19.9 1.022 1.022 1.698 0.400 0.250 0.250 0.046 0.058 0.053 
435 c 91 m 175 6 23.8 0.697 0.697 1.194 0.400 0.250 0.250 0.030 0.037 0.035 
436 c 91 m 175 6 23.8 0.962 0.962 1.606 0.400 0.250 0.250 0.043 0.054 0.050 
437 c 92 m 175 5.4 30 0.849 0.849 1.432 0.400 0.250 0.250 0.038 0.047 0.043 






Appendix J: Micro Modeling Simulations Statistical Analysis 
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APPENDIX K: The SAS Code Used to Perform the Numerical Analysis 
 
Fit Model( 
 Y( :ultimate tensile strength ), 
 Effects( 
  :Orientation, 
  :Mineral Surface, 
  :Orientation * :Mineral Surface, 
  :Hydration, 
  :Orientation * :Hydration, 
  :Mineral Surface * :Hydration 
 ), 
 Personality( "Standard Least Squares" ), 
 Emphasis( "Minimal Report" ), 
 Run( 
  Cube Plots( 1 ), 
  :ultimate tensile strength << {Summary of Fit( 1 ), 
  Analysis of Variance( 1 ), Parameter Estimates( 1 ), Lack of Fit( 0 ), 
  Show Prediction Expression( 1 ), Scaled Estimates( 1 ), 
  Plot Actual by Predicted( 1 ), Plot Regression( 0 ), 
  Plot Residual by Predicted( 0 ), Plot Studentized Residuals( 0 ), 
  Plot Effect Leverage( 1 ), Plot Residual by Normal Quantiles( 0 ), 
  Box Cox Y Transformation( 0 ), Interaction Plots( 1 ), {:Orientation << 
  {LSMeans Student's t( 0.05, Crosstab Report( 0 ) ), Least Squares Means Plot, 
  Least Squares Means Plot}, :Mineral Surface << {LSMeans Student's t( 0.05 )}, 
  :Orientation * :Mineral Surface << {LSMeans Student's t( 0.05 ), 
  Least Squares Means Plot( No Overlay Terms )}, :Hydration << 
  {LSMeans Student's t( 0.05 ), Least Squares Means Plot, 
  Least Squares Means Plot}, :Orientation * :Hydration << 
  {LSMeans Student's t( 0.05 ), Least Squares Means Plot( No Overlay Terms )}, 
  :Mineral Surface * :Hydration << {LSMeans Student's t( 0.05 ), 
  Least Squares Means Plot( Overlay Term List( Hydration ) ), 
  Least Squares Means Plot( Overlay Term List( Mineral Surface ) ), 
  Least Squares Means Plot( No Overlay Terms ), 
  Least Squares Means Plot( No Overlay Terms )}}} 
 ), 
 SendToReport( 
  Dispatch( 
   {"Response ultimate tensile strength"}, 
   "Effect Summary", 
   OutlineBox, 
   {Close( 1 )} 
  ), 
  Dispatch( 
   {"Response ultimate tensile strength"}, 
   "Summary of Fit", 
   OutlineBox, 
   {Close( 1 )} 
  ), 
  Dispatch( 
   {"Response ultimate tensile strength"}, 
   "Analysis of Variance", 
   OutlineBox, 
   {Close( 1 )} 
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  ), 
  Dispatch( 
   {"Response ultimate tensile strength"}, 
   "Parameter Estimates", 
   OutlineBox, 
   {Close( 1 )} 
  ), 
  Dispatch( 
   {"Response ultimate tensile strength"}, 
   "Effect Tests", 
   OutlineBox, 
   {Close( 1 )} 
  ), 
  Dispatch( 
   {"Response ultimate tensile strength"}, 
   "Effect Details", 
   OutlineBox, 
   {Close( 0 )} 
  ), 
  Dispatch( 
   {"Response ultimate tensile strength", "Effect Details"}, 
   "Orientation", 
   OutlineBox, 
   {Close( 1 )} 
  ), 
  Dispatch( 
   {"Response ultimate tensile strength", "Effect Details", "Orientation"}, 
   "Leverage Plot", 
   OutlineBox, 
   {Set Base Font( "Title" )} 
  ), 
  Dispatch( 
   {"Response ultimate tensile strength", "Effect Details", "Orientation", 
   "Leverage Plot"}, 
   "FitLS Leverage", 
   FrameBox, 
   {Left( 1 ), Right( 1 ), Top( 1 ), Bottom( 1 ), Grid Line Order( 4 ), 
   Reference Line Order( 5 )} 
  ), 
  Dispatch( 
   {"Response ultimate tensile strength", "Effect Details", "Orientation", 
   "Least Squares Means Plot"}, 
   "Least Squares Means Plot", 
   FrameBox, 
   {DispatchSeg( 
    BarSeg( 1 ), 
    {Line Color( "Red" ), Line Width( 2 ), Error Bar Cap( "Small" )} 
   )} 
  ), 
  Dispatch( 
   {"Response ultimate tensile strength", "Effect Details", "Orientation", 
   "Least Squares Means Plot"[2]}, 
   "Least Squares Means Plot", 
   FrameBox, 
   {DispatchSeg( 
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    BarSeg( 1 ), 
    {Line Color( "Red" ), Line Width( 2 ), Error Bar Cap( "Small" )} 
   )} 
  ), 
  Dispatch( 
   {"Response ultimate tensile strength", "Effect Details"}, 
   "Mineral Surface", 
   OutlineBox, 
   {Close( 1 )} 
  ), 
  Dispatch( 
   {"Response ultimate tensile strength", "Effect Details", 
   "Mineral Surface"}, 
   "Leverage Plot", 
   OutlineBox, 
   {Set Base Font( "Title" )} 
  ), 
  Dispatch( 
   {"Response ultimate tensile strength", "Effect Details", 
   "Mineral Surface", "Leverage Plot"}, 
   "FitLS Leverage", 
   FrameBox, 
   {Left( 1 ), Right( 1 ), Top( 1 ), Bottom( 1 ), Grid Line Order( 4 ), 
   Reference Line Order( 5 )} 
  ), 
  Dispatch( 
   {"Response ultimate tensile strength", "Effect Details"}, 
   "Orientation*Mineral Surface", 
   OutlineBox, 
   {Close( 1 )} 
  ), 
  Dispatch( 
   {"Response ultimate tensile strength", "Effect Details", 
   "Orientation*Mineral Surface"}, 
   "Leverage Plot", 
   OutlineBox, 
   {Set Base Font( "Title" )} 
  ), 
  Dispatch( 
   {"Response ultimate tensile strength", "Effect Details", 
   "Orientation*Mineral Surface", "Leverage Plot"}, 
   "FitLS Leverage", 
   FrameBox, 
   {Left( 1 ), Right( 1 ), Top( 1 ), Bottom( 1 ), Grid Line Order( 4 ), 
   Reference Line Order( 5 )} 
  ), 
  Dispatch( 
   {"Response ultimate tensile strength", "Effect Details", 
   "Orientation*Mineral Surface"}, 
   "Least Squares Means Table", 
   OutlineBox, 
   {Close( 0 )} 
  ), 
  Dispatch( 
   {"Response ultimate tensile strength", "Effect Details", 
468 
 
   "Orientation*Mineral Surface", "Least Squares Means Plot"}, 
   "Least Squares Means Plot", 
   FrameBox, 
   {DispatchSeg( 
    BarSeg( 1 ), 
    {Line Color( "Red" ), Line Width( 2 ), Error Bar Cap( "Small" )} 
   )} 
  ), 
  Dispatch( 
   {"Response ultimate tensile strength", "Effect Details"}, 
   "Hydration", 
   OutlineBox, 
   {Close( 1 )} 
  ), 
  Dispatch( 
   {"Response ultimate tensile strength", "Effect Details", "Hydration"}, 
   "Leverage Plot", 
   OutlineBox, 
   {Set Base Font( "Title" )} 
  ), 
  Dispatch( 
   {"Response ultimate tensile strength", "Effect Details", "Hydration", 
   "Leverage Plot"}, 
   "FitLS Leverage", 
   FrameBox, 
   {Left( 1 ), Right( 1 ), Top( 1 ), Bottom( 1 ), Grid Line Order( 4 ), 
   Reference Line Order( 5 )} 
  ), 
  Dispatch( 
   {"Response ultimate tensile strength", "Effect Details", "Hydration", 
   "Least Squares Means Plot"}, 
   "Least Squares Means Plot", 
   FrameBox, 
   {DispatchSeg( 
    BarSeg( 1 ), 
    {Line Color( "Red" ), Line Width( 2 ), Error Bar Cap( "Small" )} 
   )} 
  ), 
  Dispatch( 
   {"Response ultimate tensile strength", "Effect Details", "Hydration", 
   "Least Squares Means Plot"[2]}, 
   "Least Squares Means Plot", 
   FrameBox, 
   {DispatchSeg( 
    BarSeg( 1 ), 
    {Line Color( "Red" ), Line Width( 2 ), Error Bar Cap( "Small" )} 
   )} 
  ), 
  Dispatch( 
   {"Response ultimate tensile strength", "Effect Details"}, 
   "Orientation*Hydration", 
   OutlineBox, 
   {Close( 1 )} 
  ), 
  Dispatch( 
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   {"Response ultimate tensile strength", "Effect Details", 
   "Orientation*Hydration"}, 
   "Leverage Plot", 
   OutlineBox, 
   {Set Base Font( "Title" )} 
  ), 
  Dispatch( 
   {"Response ultimate tensile strength", "Effect Details", 
   "Orientation*Hydration", "Leverage Plot"}, 
   "FitLS Leverage", 
   FrameBox, 
   {Left( 1 ), Right( 1 ), Top( 1 ), Bottom( 1 ), Grid Line Order( 4 ), 
   Reference Line Order( 5 )} 
  ), 
  Dispatch( 
   {"Response ultimate tensile strength", "Effect Details", 
   "Orientation*Hydration"}, 
   "Least Squares Means Table", 
   OutlineBox, 
   {Close( 0 )} 
  ), 
  Dispatch( 
   {"Response ultimate tensile strength", "Effect Details", 
   "Orientation*Hydration", "Least Squares Means Plot"}, 
   "Least Squares Means Plot", 
   FrameBox, 
   {DispatchSeg( 
    BarSeg( 1 ), 
    {Line Color( "Red" ), Line Width( 2 ), Error Bar Cap( "Small" )} 
   )} 
  ), 
  Dispatch( 
   {"Response ultimate tensile strength", "Effect Details", 
   "Orientation*Hydration"}, 
   "LSMeans Differences Student's t", 
   OutlineBox, 
   {Close( 1 )} 
  ), 
  Dispatch( 
   {"Response ultimate tensile strength", "Effect Details", 
   "Mineral Surface*Hydration", "Least Squares Means Plot"[3]}, 
   "Least Squares Means Plot", 
   FrameBox, 
   {DispatchSeg( 
    BarSeg( 1 ), 
    {Line Color( "Red" ), Line Width( 2 ), Error Bar Cap( "Small" )} 
   )} 
  ), 
  Dispatch( 
   {"Response ultimate tensile strength", "Effect Details", 
   "Mineral Surface*Hydration", "Least Squares Means Plot"[4]}, 
   "Least Squares Means Plot", 
   FrameBox, 
   {DispatchSeg( 
    BarSeg( 1 ), 
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    {Line Color( "Red" ), Line Width( 2 ), Error Bar Cap( "Small" )} 
   )} 
  ), 
  Dispatch( 
   {"Response ultimate tensile strength", "Interaction Profiles"}, 
   "Fit Interact", 
   FrameBox, 
   {Frame Size( 330, 244 )} 
  ), 
  Dispatch( 
   {"Response ultimate tensile strength", "Interaction Profiles"}, 
   "Fit Interact", 
   FrameBox( 2 ), 
   {Frame Size( 330, 244 )} 
  ), 
  Dispatch( 
   {"Response ultimate tensile strength", "Interaction Profiles"}, 
   "Fit Interact", 
   FrameBox( 3 ), 
   {Frame Size( 330, 244 )} 
  ), 
  Dispatch( 
   {"Response ultimate tensile strength", "Interaction Profiles"}, 
   "Fit Interact", 
   FrameBox( 4 ), 
   {Frame Size( 330, 244 )} 
  ), 
  Dispatch( 
   {"Response ultimate tensile strength", "Interaction Profiles"}, 
   "Fit Interact", 
   FrameBox( 5 ), 
   {Frame Size( 330, 244 )} 
  ), 
  Dispatch( 
   {"Response ultimate tensile strength", "Interaction Profiles"}, 
   "Fit Interact", 
   FrameBox( 6 ), 
   {Frame Size( 330, 244 )} 
  ), 
  Dispatch( 
   {"Response ultimate tensile strength", "Interaction Profiles"}, 
   "Fit Interact", 
   FrameBox( 7 ), 
   {Frame Size( 330, 244 )} 
  ), 
  Dispatch( 
   {"Response ultimate tensile strength", "Interaction Profiles"}, 
   "Fit Interact", 
   FrameBox( 8 ), 
   {Frame Size( 330, 244 )} 
  ), 
  Dispatch( 
   {"Response ultimate tensile strength", "Interaction Profiles"}, 
   "Fit Interact", 
   FrameBox( 9 ), 
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   {Frame Size( 330, 244 )} 
  ), 
  Dispatch( 
   {"Response ultimate tensile strength", "Interaction Profiles"}, 
   "Fit Interact", 
   FrameBox( 10 ), 
   {Frame Size( 30, 244 )} 
  ), 
  Dispatch( 
   {"Response ultimate tensile strength", "Interaction Profiles"}, 
   "Fit Interact", 
   FrameBox( 11 ), 
   {Frame Size( 30, 244 )} 
  ), 
  Dispatch( 
   {"Response ultimate tensile strength", "Interaction Profiles"}, 
   "Fit Interact", 
   FrameBox( 12 ), 
   {Frame Size( 30, 244 )} 
  ), 
  Dispatch( 
   {"Response ultimate tensile strength", "Cube Plot"}, 
   "Fit Cubeplot", 
   FrameBox, 
   {Frame Size( 662, 344 )} 








APPENDIX L: Hierarchical Structure and Properties of the 
Bone at Nano Level Numerical Analysis 
 
Oneway Analysis of Ultimate Tensile Strength By orientation 
 
 





Oneway Analysis of Ultimate Tensile Strength By Hydration 
 




Least Squares Means Plot 
 
 
Level       Least Sq Mean 
0 deg A      104.44093 
20 deg  B     86.96992 
30 deg   C    74.33451 
45 deg    D   55.38993 
60 deg     E  48.33077 
90 deg      F 42.92869 
 
Levels not connected by same letter are significantly different. 
 
Level  Least Sq Mean 
Ca A 68.768810 
OH A 68.696106 
 









Level       Least Sq Mean 
0 deg,Ca A      104.69034 
0 deg,OH A      104.19153 
20 deg,OH  B     87.26580 
20 deg,Ca  B     86.67405 
30 deg,OH   C    74.34542 
30 deg,Ca   C    74.32360 
45 deg,OH    D   55.46109 
45 deg,Ca    D   55.31876 
60 deg,Ca     E  48.86505 
60 deg,OH     E  47.79649 
90 deg,OH      F 43.11631 
90 deg,Ca      F 42.74106 
 
Levels not connected by same letter are significantly different. 
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Level   Least Sq Mean 
Un-Hydrated A  79.985285 
Hydrated  B 57.479631 



















Level            Least Sq Mean 
0 deg,Un-Hydrated A           126.08231 
20 deg,Un-Hydrated  B          100.66406 
0 deg,Hydrated   C         82.79956 
30 deg,Un-Hydrated    D        76.40684 
20 deg,Hydrated     E       73.27579 
30 deg,Hydrated     E       72.26218 
45 deg,Un-Hydrated      F      63.43246 
60 deg,Un-Hydrated       G     58.50597 
90 deg,Un-Hydrated        H    54.82008 
45 deg,Hydrated         I   47.34739 
60 deg,Hydrated          J 38.15558 
90 deg,Hydrated           K 31.03729 









Level   Least Sq Mean 
Ca,Un-Hydrated A  80.242460 
OH,Un-Hydrated A  79.728110 
OH,Hydrated  B 57.664102 
Ca,Hydrated  B 57.295160 







APPENDIX M: MATLAB Code for Developing the Regression Model 
of the Collagen Fibril Model Ultimate Tensile Stress 
 
MATLAB code for developing the regression model of the collagen fibril model ultimate tensile 
stress with respect to strain and the orientation angle 
function createFigure(ZData1, YData1, XData1, VertexNormals1, XData2, YData2, ZData2) 
%CREATEFIGURE(ZDATA1, YDATA1, XDATA1, VERTEXNORMALS1, XDATA2, YDATA2, 
ZDATA2) 
%  ZDATA1:  surface zdata 
%  YDATA1:  surface ydata 
%  XDATA1:  surface xdata 
%  VERTEXNORMALS1:  surface vertexnormals 
%  XDATA2:  line xdata 
%  YDATA2:  line ydata 
%  ZDATA2:  line zdata 
 
% Create Figure 
Figure1 = Figure('Tag','Print CFTOOL to Figure',... 
    'Color',[0.941176470588235 0.941176470588235 0.941176470588235],... 
    'OuterPosition',[1 1 1280 429.333333333333]); 
 
% Create axes 
axes1 = axes('Parent',Figure1,'Tag','sftool surface axes'); 
hold(axes1,'on'); 
 
% Create surface 
surface('Parent',axes1,'ZData',ZData1,'YData',YData1,'XData',XData1,... 
    'DisplayName','untitled fit 1',... 
    'VertexNormals',VertexNormals1,... 
    'EdgeAlpha',0.3,... 




% Create line 
line(XData2,YData2,ZData2,'Parent',axes1,... 
    'DisplayName','Stress vs. Orientation, Strain',... 
    'MarkerFaceColor',[0 0 0],... 
    'MarkerEdgeColor',[0 0 0],... 
    'MarkerSize',3,... 
    'Marker','o',... 
    'LineStyle','none'); 
 
% Create xlabel 
xlabel('Orientation (Degree)','FontWeight','bold'); 
 
% Create zlabel 
zlabel('Stress (MPa)','FontWeight','bold'); 
 
% Create ylabel 
ylabel('Strain','FontWeight','bold'); 
 
% Uncomment the following line to preserve the X-limits of the axes 
% xlim(axes1,[-4.5 94.5]); 
% Uncomment the following line to preserve the Y-limits of the axes 
% ylim(axes1,[-2.861 56.863]); 
% Uncomment the following line to preserve the Z-limits of the axes 





% Create colorbar 
colorbar('peer',axes1); 
 
 
